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SATELLITE  BASED  DROUGHT  SURVEILLANCE  IN  INDIA 
SOME  ACHIEVEMENTS 
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ABSTRACT 

Though  the  resiliency  of  Indian  agriculture  helped  to 
avoid  the  disastrous  consequences  of  severe  drought 
conditions  in  1987  the  event  emphasized  the  need  for 
continous  and  effective  drought  management  measures. 
The  first  need  is  the  development  of  a  nationwide 
drought  assessment  and  monitoring  system  to  provide 

early  warning  and  surveillance  .  The  configuration 
of  such  a  system,  based  on  current  remote  sensing 
capabilities,  is  described.  NOAA  AVHRR  data  at  LAC 
level  for  the  years  since  1986,  through  the  major  agri¬ 
cultural  season  (June-Dee.),  and  covering  the  whole 

country  have  been  processed  into  two  weekly  NDVI 

Imageries.  Extensive  ground  data  on  rainfall,  aridity 
anomaly,  crop  sowing,  development  and  condition  and 
various  other  ancllliary  data  were  usd  to  compare  with 
seasonal  dlstrlctwise  VI  profiles  and  the  drought  assess¬ 
ment  methodology  has  been  developed.  Operational 
drought  monitoring  in  six  states  of  India  comprising 

of  113  districts  will  be  taken  up  from  June  1989,  to 
be  later  extended  to  the  entire  country. 

Key  words  :  .Agricultural  Drought,  NOAA  AVHRR,  Vege¬ 
tation  Index,  Indian  National  System, 
Surveillance 

1.  INTRODUCTION 

Drought  continues  to  be  a  major  factor  of  uncertainty 
in  India  agriculture  inspite  of  the  significant  technical 
advances  since  independence  (Krishnan  1979).  Severe 
drought  conditions  were  experienced  during  1987. 
Though  Indian  agriculture  proved  resilient  enough  to 
avaoid  the  disastrous  consequences  the  event  emphasised 
the  need  for  continued  efforts  at  effective  drought 
managements.  Thus  the  Immediate  requirement  is 
the  devellopment  of  a  national/regional  system  for 
assessment  and  monitoring  of  agricultural  drought 
conditions  through  the  cropping  season,  to  provide 
periodic  information  on  the  prevalence,  severity  level 
and  persistence  of  drought  conditions.  It  is  expected 
that  such  a  system  would  help  resource  managers  to 
optirnslly  allocsts  scars  financial  resources  to  whore 
and  when  they  are  most  needed.  This  will  also  help 
in  reconciling  the  differing  drought  perceptions  of 
central  and  state  Governments.  It  is  in  this  context 
that  a  project  for  development  of  a  National  Agri¬ 
cultural  Drought  .Assessment  and  Monitoring  System 
(N-ADAMS)  has  been  under  progress  since  1986  at 
the  National  Remote  Sensing  Agency  (Dept,  of  Space, 
Govenment  of  India)  with  the  collaboration  of  India 
Meteorological  Department,  Central  Water  Commission 


and  the  various  State  Governments.  The  project  has 
been  sponsored  by  the  Department  of  Agriculture  and 
Cooperation,  Government  of  India. 

The  N-ADAMS  envisages  primary  dependance  on  NOAA 
AVHRR  data,  supplemented  and  supported  by  ground 
observations  of  rainfall  and  significant  sowings  of  major 
crops.  Since  current  drought  assessment  by  State 
Governments  involves  the  use  of  a  large  number  of 
drought  indicators,  many  of  which  are  not  readily  (and 
currently)  amenable  to  satellite  sensing,  the  project 
will  focus  on  agricultural  drought  conditions  (Jayaseelan 
and  Thiruvengadachari,  1986).  Though  satellite  data 
can  provide  informaton  on  various  drought  parameters 
many  are  still  in  experimental  stage  and  not  proven 
for  large  area  applications.  The  N-ADAMS  has  been 
consciously  built  around  current  operational  capabilities 
(Thiruvengadachari,  1988). 

2.  CURRENT  AGRICULTURAL  DROUGHT  MONITORING 
METHODOLOGIES 

Currently  agricultural  drought  conditons  are  characterised 
by  ground  observations  of  rainfall,  aridity  anomaly 
and  agricultural  conditions  in  regard  to  sown  area  and 
crop  condition.  Sparse  realtime  rainfall  information, 
generally  measured  at  tahsil  headquarters,  as  well  as 
nonunique  rainfall-use-efficiency  over  space  and  time 
(Le  Hourou  1984)  makes  rainfall  a  poor  indicator  of 
drought  conditions.  The  aridity  anomaly  charts  of 
the  entire  country,  brought  out  by  India  Meteorological 
Department,  are  based  on  194  observatories,  and  show 
the  departures  of  actual  aridity  from  normal  aridity, 
giviing  an  indication  of  the  severity  of  water  deficit- 
to-water  demand  relationship  on  a  weekly  basis, 
representative  of  large  areas  such  as  meteorological 
subdivisions.  The  aridity  anomaly  suffers  from  the 
same  limitations  as  rainfall.  Though  the  ground  obser- 
vatins  of  agricultural  drought  conditions  by  the  State 
Departments  of  Agriculture  and  Revenue  art  exhaustive 
such  a  system  involves  a  significant  amount  of  subjective 
judgement  at  various  states  (Jayaseelan  and 
Thiruvengadachari;  1986).  The  periodicity  and  extent 
of  ground  observations  vary  significantly  between 
different  States,  and  frequently  the  submission  of  such 
reports  from  the  districts  to  State  headquarters  is 
delayed  or  missed.  The  nature  of  sparse  ground  obser¬ 
vations  also  make  it  difficult  to  assess  in  near  realtime 
average  drought  conditions  over  a  district. 

In  place  of  the  discrete  point  ground  observations, 
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N-ADAMS  will  provide  direct  spatial  Information  on 
vegetation  stresses  caused  by  drought  conditions. 

3.  NATIONAL  AGRICULTURAL  DROUGHT  ASSESSLiENT 
AND  MONITORING  SYSTEM  (N-ADAMS) 

N-ADAMS  has  the  objective  of  providing  realtime  infor¬ 
mation  on  drought  prevalence,  relative  severity  level 
and  persistence  through  the  kharif  (rainy)  season  all 
over  the  country  with  district  as  the  reference  unit. 
The  N-ADAMS  will  use  Local  Area  Coverage  (LAC) 
data  from  NOAA  AVHRR  received  at  the  Indian  ground 
station  operated  by  NRSA.  A  two  weekly  period  has 
been  chosen  as  optimum  for  time  compositing  of  NOAA 
NDVI  (Normalised  Difference  Vegetation  Index)  data, 
based  on  the  experience  of  1986,  1987  and  1988  cloud 
cover  condtions.  A  longer  period  would  be  unacceptable 
in  view  of  the  short  duration  of  many  crops  grown 
during  the  kharif  season.  The  first  standard  meteoro¬ 
logical  week  of  7  days  starts  on  the  first  of  January 
In  any  year. 

The  two  weekly  composited  NDVI  imagery  of  India 
has  a  pixel  size  of  1  km  squeare  and  is  geometrically 
corrected  to  a  positional  accuraejof  5  to  6  kms.  with 
reference  to  digitised  India  map  on  1:2.5  million  scale. 
The  time  compositing  algorithm  uses  maximum  value 
compositing  over  land  with  cloud  masking  based  on 
visible  band  and  TIR  bands  of  AVHRR  is  under  validation. 

NOAA  AVHRR  LAC  level  data  for  June  to  December 
in  1986,  1987  and  1988  has  been  processed  into  two 
weekly  NDVI  data  sets,  consisting  of  colour  coded 
Imagery  showing  the  spatial  vegetation  condition  as 
well  as  districtwise  VI  histogram,  for  the  different 
states  of  the  country.  Districtwise  seasonal  VI  profiles 
of  various  VI  parameters  such  as  the  GNDVl  (VI  values 
averaged  over  all  the  pixels  of  the  district),  MNDVI 
(averaged  over  the  green  pixels,  based  on  a  threshold 
VI  of  0.05)  and  VA  (vegetation  area  based  on  the  VI 
threshold),  have  been  generated  for  the  past  three 
years.  The  use  of  these  VI  averages  have  also  been 
reported  in  other  drought  monitoring  systems  elsewhere 
In  the  world  (Philipson  1988). 

The  development  of  N-ADAMS  methodology  was  based 
on  the  analysis  of  the  VI  profiles  of  past  three  years, 
supported  by  extensive  dynamic  ground  data  on  rainfall, 
aridity  anomaly,  sowing  progress  of  major  crops  and 
crop  development  and  condition  as  well  as  static  data 
on  land  utilisation  details,  general  cropping  pattern 
and  crop  calendar,  irrigation  support  and  past  drought 
history.  Most  of  the  dynamic  ground  data  was  collected 
in  realtime  through  the  cooperative  efforts  of  concerned 
State  Agricultural  Directorates.  Standard  forms  and 
reporting  procedures  were  followed  to  ensure  objectivity, 
reliability  and  uniformity. 

The  experience  of  these  three  years'  data  indicates 
that  operational  use  of  N-ADAMS  will  continue  to 
require  ground  information  on  rainfall  as  well  as 
significant  sowings  of  the  principal  crops  of  the  district 
(Fig.  I).  This  information  however,  is  already  being 
reported  either  completely  or  partially  by  ground 
agencies  and  may  only  require  conversion  to  a  realtime 
format.  The  configuration  of  N-ADAMS  has  been 
dictated  by  realistic  appraisal  of  ground  data  availability 
and  capability. 

4.  ANALYSIS  OF  PAST  VI  DATA 
The  analysis  of  1986  to  1988  VI  data  sets  was  preceded 


by  basic  studies  on  agricultural  drought  definition  and 
characterisation  as  well  as  current  ground  monitoring 
mechanisms  (HarikIshan  and  Thiruvengadacharl  1987, 
Prasad  and  Thiruvengadacharl  1987;  Thiruvengadacharl 
ar.Q  HarikIshan  1987,  and  Thiruvengadacharl  and  Prasad 
198’).  Pilot  stuaies  using  Landsat  and  NOAA  data 
for  selected  districts  of  Andhra  Pradesh  and  Tamil 
Nadu  States  helped  In  the  first-cut  specification  of 
drought  monitoring  methodology  (kishan,  1987,  Chandra¬ 
sekhar,  1988). 

The  comparison  of  seasonal  VI  profiles  and  ground 
measured  rainfall,  computed  aridity  anomaly  and  obser¬ 
ved  crop  development  and  condition  was  attempted 
in  the  six  States  of  Tamil  Nadu,Andhra  Pradesh,  Karna¬ 
taka,  Maharashtra,  Gujarat  and  Orissa,  comprising  of 

113  districts. 

Only  broad  lag  correlations  could  be  observed  between 
VI  profile  and  the  rainfall  distribution.  The  correlation 
was  better  in  the  case  of  severe  and  persistent  rainfall 
deficiency  rather  than  slight-to-moderate  deficits. 

Paradoxically  the  more-than-normal  rainfall  during 
1988  Khailf  season  resulted  in  significantly  lower  VI 

values  In  many  districts.  While  the  exact  reason  for 
this  inversion  is  not  clear,  it  is  suspected  that  the 

heavy  rainfall  might  have  need  to  saturated  soils  and 

water  logging  and  hence  the  vegetation  with  water 
background  yielding  lower  VI  values.  Thus  conjunctive 
use  of  rainfall  and  NDVI  is  called  for. 

The  aridity  anomaly  is  representative  of  a  meteorologi¬ 
cal  sub-division  and  hence  provides  poor  correlation 
with  district  VI  profile;  except  during  severe  and  wide¬ 
spread  drought  conditions. 

The  correlation  betweeen  moisture  stress  observed 
in  a  specified  seasonal  profile  (as  deviations  from  the 
normal  year  profile)  and  stressed  crop  conditions  obser¬ 
ved  on  ground  was  broadly  valid,  but  not  too  much 
so  due  to  sparse  and  subjective  ground  observations. 

Trend  analysis  helped  in  the  detection  of  anomalies 
in  the  growith  cycle,  such  as  delayed  start,  delayed/ 
lower  peak  VI  value  and  shorterning/extension  of  vegeta¬ 
tive  phase,  as  well  as  moisture  stress  observed  at  diffe¬ 
rent  growth  stages.  Since  the  district-wise  VI  profile 
represent  average  vegetation  growth/condition,  which 
is  a  mix  of  natural  vegetation  and  various  agricultural 
crops,  extraction  of  crop  specific  inforamtion  requires 
that  the  crop  cycle  be  fixed  on  the  average  profile. 
This  calls  for  ground  reporting  of  significant  sowing 
of  the  principal  crops  since  they  can  not  be  spectrally 
identified. 

The  moisture  stress  periods  identified  from  VI  profiles 
have  shown  an  excellent  correlation  in  regard  to  the 
impact  on  crop  yelld.  It  is  interesting  to  note  that 
other  factors  ofyleld  reduct'onsuch  as  pest/disease 
attack  or  unseasonal  rainfall  dun.-.g  flowering/grain 
development  are  not  reflected  in  the  average  VI  profile 
and  hence  are  not  confused  with  moisture  stress. 

Drought  conditions  result  in  reduction  in  cropped  area 
and/or  reduction  in  crop  yield.  While  the  latter  could 
be  qualitatively  e.  aluated  as  a  function  of  when  and 
how  severe  moisture  stress  condition  occur,  the  former 
is  not  reflected  will  in  the  VI  profiles.  The  comparison 
of  Interannual  seasonal  VI  profiles  not  always  reflected 
the  trends  in  cropped  area.  It  is  generally  concluded 
that  N-ADAMS  may  provide  reliable  indications  of 
reduction  in  a  vegetated  area,  and  cropped  area,  only 
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under  drought  conditions  as  experienced  in  Gujarat 
State  during  1987. 

5.  OPEPsATIONAL  OUTLOOK 

The  State  level  ADAMS  (S-ADAMS)  will  need  to  provide 
more  detailed  Information  than  N-ADAMS  and  hence 
has  been  configured  (Fig.2)  to  use  high  resolution  data 
from  earth  resources  satellites  such  as  Landsat,  SPOT 
and  IRS  (Indian  Remote  Sensing  Satellite). 

The  changeover  from  NOAA-9  to  NOAA-11  from  Nov. 

1988  is  expected  to  introduce  some  problems  in  inter¬ 
annual  comparison  of  seasonal  Vl  profiles  for  drought 
assessment.  The  earlier  acquisition  time  and  different 
calibration  coefficients  of  NOAA-11,  will  make  the 

1989  VI  values  generally  higher  than  those  of  NOAA- 
9  during  1986  to  1988.  An  analysis  indicated  that 
the  different  calibration  coefficients  alone  will  increase 
the  VI  value  by  as  much  as  0.02  while  the  total  Impact 
including  that  of  smaller  solar  zenith  angle  could  be 
an  Increase  of  0.05  on  the  district  average  VI  value. 
The  lack  of  concurrent  NOAA-9  and  NOAA-11  AVHRR 
data  will  make  inter  sensor  calibration  difficult  and 
unreliable.  Efforts  are  under  way  to  solve  this  probelm 
prior  to  the  beginning  of  cropping  season  in  June  1989, 
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Fig.  1 1  NATIONAL  AGRICULTURAL  DROUGHT  ASSESSMENT  AND  MONITORING  SYSTEM  (N- ADAMS) 


Fig.  2-  INTEGRATED  AGRICULTURAL  DROUGHT  ASSESSMENT  AND  MONITORING  SYSTEM 
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ABSTRACT: 

Data  from  the  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  on  the  NOAA  series  of 
meteorological  satellites  can  be  used  to  generate  a 
cost  effective  near  real-time  vegetation-based  drought 
Indicator.  During  the  summer  of  1988,  the  Canada 
Centre  for  Remote  Sensing  and  the  Prairie  Farm 
Rehabilitation  Administration  used  these  data  to 
monitor  vegetation  conditions  and  help  determine 
drought  program  assistance  payments.  This  paper 
discusses  factors  affecting  this  satellite  technique 
and  outlines  procedures  used  to  monitor  drought 
affected  vegetation  In  over  400  different 
administrative  units  In  Western  Canada. 

Keywords;  AVHRR,  Drought,  Crop  Condition 


INTRODUCTION: 

In  1988,  drought  severely  Impacted  farming 
operations  In  southern  Alberta,  Saskatchewan  and 
Manitoba  by  reducing  on-farm  water  supplies,  forage 
supplies  and  crop  yields.  The  drought  caused  by  the 
cumulative  effects  of  below  normal  fall  soil  moisture 
reserves,  abnormally  low  winter  and  spring 
precipitation,  and  abnormally  hot  dry  growing 
conditions  In  Hay  and  June,  severely  reduced  forage, 
grain  and  oilseed  crops.  In  varying  degrees  over  large 
areas  of  the  prairies. 

The  drought  stimulated  requests  for  area  specific 
assistance  programs.  As  these  programs  have  been 
administered  on  a  Rural  Municipality  (County  of 
Municipal  District  In  Alberta)  basis,  and  there  are 
over  400  such  administrative  units,  this  created  a 
need  to  monitor  drought  Impacts  In  over  400  areas  of 
varying  size.  As  part  of  Its  drought  monitoring 
activities,  and  In  support  of  the  1988  Federal- 
Provincial  Drought  Committee,  the  Prairie  Farm 
Rehabilitation  Administration  (PFRA),  a  branch  of 
Agriculture  Canada,  requested  the  Cangda  Centre  for 
Remote  Sensing  (CCRS)  to  assist  In  evaluating  the  use 
of  NOAA  satellite  data  for  drought  monitoring. 


Prior  to  1988  drought  monitoring  during  the  growing 
season  has  been  primarily  based  on  field  observations, 
limited  point  source  meteorological  data,  and  the 
results  of  soil  moisture  and  crop  yield  models  derived 
from  these  data.  As  summer  rainfall  Is  highly 
variable  and  there  are  only  48  dally  and  146  weekly, 
routinely  reporting  meteorological  stations  In  the 
prairie  provinces,  the  availability  of  accurate  and 
timely  precipitation  data  and  Its  spatial  limitations 
have  been  a  significant  limiting  factor  to  drought 
monitoring,  In  1988,  PFRA  and  CCRS  supplemented  the 
existing  drought  monitoring  procedures  by  using  remote 
sensing  to  measure  chlorophyll  reflectance,  a  measure 
of  vegetation  vigor,  on  a  Rural  Municipality  (RM) 
basis.  The  objectives  of  this  work  were  to  develop  a 
near  real-time  drought  Indicator  with  Improved  spatial 
coverage  and  to  enhance  the  Interpretation  of  point 
source  meteorological  data,  limited  field 
observations,  and  other  traditional  drought 
Indicators. 

This  paper  will  describe  how  data  from  the  Advanced 
Very  High  Resolution  Radiometer  (AVHRR)  on  the  NOAA 
series  of  meteorological  satellites  were  used  to 
monitor  the  1988  drought.  Emphasis  will  be  placed  on 
the  operational  advantages  and  disadvantages  of  the 
data  and  studies  conducted  to  relate  these  data  to 
other  drought  Indicators.  In  particular,  the  Issue  of 
comparison  of  data  from  year  to  year  and  from  region 
to  region  will  be  addressed. 

DATA  SOURCE  AND  PREPROCESSING: 

The  AVHRR  data  used  In  this  study  were  received  from 
the  Manitoba  Remote  Sensing  Centre  (HRSC),  These  data 
are  a  weekly  cumposlte  of  dally  AVHRR  Images  generated 
In  such  a  manne.'  that  each  pixel  In  the  composite  Is 
the  clearest  value  for  the  composite  period.  This  Is 
accomplished,  at  the  HRSC,  by  registering  each  dally 
Image  to  a  base  map  and  forming  a  normalized 
difference  Image  from  this  mapped  data.  This 
normalized  difference  Image  Is  the  difference  of 
channels  2  and  1  divided  by  the  siss  to  form  a 
normalized  difference  vegetation  Index  (NDVI).  The 
weekly  composite  Is  formed  from  these  dally  Images  by 
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selecting,  for  each  pixel,  the  radiance  values  from 
the  date  having  the  largest  NDVI  value  (Holben,  1986). 
Normally  the  NDVI  value  is  reduced  In  value  If  the 
area  Is  covered  by  clouds,  partially  covered  by 
clouds,  or  there  Is  radiometric  degradation  of  the 
Imagery  due  to  haze  or  large  scan  angles.  The 
resultant  weekly  composite  Is  thus  virtually  cloud 
free  and  has  been  corrected,  to  some  extent,  for 
radiometric  degradation  due  to  atmospheric  effects. 

The  HRSC  receive  the  AVHRR  data  from  the  Canada 
Centre  for  Remote  Sensing  Receiving  station  at  Prince 
Albert,  Saskatchewan  by  courier  and  has  the  processed 
data  In  the  hands  of  the  user  agencies  within  four 
days  of  the  last  date  which  goes  Into  the  composite 
Image. 

Since  It  was  required  to  have  vegetation  condition 
Information  on  a  RH  basis,  a  coverage  of  these 
boundaries  was  read  Into  an  ESRI  ARCMNFO  Geographic 
Information  System  (GIS).  Then  software,  recently 
developed  by  Olplx  Technologies  Inc.,  was  used  to 
transfer  this  coverage  to  the  Diplx  ARIES  Image 
analysis  system.  Within  the  image  analysis  system, 
the  average  NDVI  values  were  calculated  for  each  RH 
and  stored  as  attributes  of  the  RH  polygons.  These 
attributes  were  then  transferred  back  to  the  GIS  for 
cartographic  display  on  a  polygon  (RH)  basis.  In  this 
CdSb,  tne  change  of  NDVI  between  1988,  specific  years, 
and  an  average  of  198S  to  1987,  were  displayed  by  RH 
in  graphical  format.  In  addition,  the  Image  analysis 
system  was  used  to  produce  photographic  products  such 
as  35  mm  slides,  split  screen  comparisons  and  density 
sliced  Images. 

Because  the  AVHRR  sensor,  with  an  approximate  one 
kilometre  Instantaneous  field  of  view  at  nadir, 
measures  the  reflected  radiation  from  all  the  ground 
cover  and  not  Individual  fields  this  average  NDVI 
value  will,  to  a  first  approximation,  be  dependent 
upon  the  general  landcover  and  agricultural  practices 
(Brown  and  Prevust,  1985),  However,  In  addition, 
there  Is  a  significant  variation  In  NDVI  caused  by 
changes  In  vegetation  vigour.  Hence  It  Is  Important 
that  the  average  NDVI  values  for  a  particular  area, 
such  as  a  RH,  be  compared  to  values  for  the  same  area, 
for  other  years.  If  within  year  comparisons  are  made 
of  the  NDVI  from  different  locations,  care  must  be 
taken  to  Insure  that  the  ground  characteristics  of  the 
areas  under  comparison  are  the  same.  This  Includes 
crop  mix,  soil  type,  percentage  of  native  pasture, 
etc.  For  this  reason  we  .'•estricted  our  analysis  to  a 
comparison  of  average  NDVI  values  from  the  same  RH  for 
the  various  years. 

It  Is  also  Important  to  look  at  the  multitemporal 
curves  of  NDVI  throughout  a  year  In  assessing  the 
validity  of  a  particular  data  point.  It  Is  possible 
that  for  a  given  area,  there  may  still  be  some  residue 
cluud  present  which  has  not  been  removed  by  the 
compositing  process.  This  is  quite  apparent  from  a 
examination  of  the  multitemporal  NDVI  data.  Knowledge 
of  precipitation  data,  landuse,  crop  mixes, 
cultivation  practices  and  field  conditions  also 
assisted  In  the  Interpretation  of  these  data. 

RESULTS  AND  DISCUSSION: 

Since  the  assistance  programs  we'’o  cdministered  on 
ao  RM  or  county  basis  (of  which  there  are  over  400 
across  the  Western  Canadian  provinces)  and  there  are 
only  146  weekly  reporting  metsorologlcal  stations 
throughout  the  area  It  Is  apparent  that  no 


precipitation  data  was  available  for  many  RHs.  The 
remotely  sensed  data  can  be  used  to  Interpolate 
between  the  point  measurements.  Another 
consideration,  which  Is  often  not  addressed,  Is  the 
validity,  or  representativeness,  of  a  point 
precipitation  measurement  In  a  year  of  significantly 
reduced  rainfall.  During  the  summer,  much  of  the 
prairie  precipitation  tends  to  result  from  local 
convective  storms  rather  than  from  large  frontal 
systems.  When  there  are  a  large  number  of  such 
smaller  storms,  as  In  a  normal  year.  Individual 
meteorological  station  measurements  will  be  more 
representative  of  the  precipitation  throughout  an  area 
than  In  drought  years  when  fewer  convective  and 
frontal  ram  events  occur.  Hence,  the  remotely  sensed 
data  has  an  Increased  role  to  play  In  dry  years  such 
as  1988.  In  addition.  It  has  been  shown  that  the 
remotely  sensed  data  Is  far  more  sensitive  to  changes 
In  the  amount  of  photosynthetically  active  material 
when  the  amount  of  material  Is  small.  This,  of 
course,  Is  the  situation  In  a  drought  year. 
Furthermore,  regression  models  relatit.j  soil  moisture 
or  expected  yield  to  precipitation  do  not  follow  the 
peaks  arO  valleys  In  the  data  distribution  well 
because  the  combined  effects  of  extreme  temperatures, 
low  precipitation  and  high  evapotranspiratlon,  which 
occur  during  droughts,  are  difficult  to  model 
accurately.  As  a  result,  It  has  been  observed  that 
the  models  have  a  tendency  to  overestimate  crop  yields 
In  extremely  dry  years.  In  contrast,  the  NOVI  data 
are  a  more  direct  measurement  of  the  combined  Impacts 
of  drought  on  crops,  their  vegetative  vigor,  and  hence 
crop  yields. 

Figure  1  shows  the  multltemporal  NDVI  values  for  an 
RH  of  Southern  Hanitoba.  This  area  was  severely 
affected  by  the  drought  In  1988.  Normally,  the  grain 
and  canola  plants  are  over  6D  cm  high  at  the  time  of 
heading  for  grains  or  flowering  In  the  case  of  canoM. 
However,  In  1988  the  plants  were  significantly 
stunted,  attaining  a  height  of  only  20  to  30  cm  at  the 
same  development  stage.  In  addition,  the  plant 
density  was  very  low.  When  viewed  from  above, 
substantial  areas  of  soil  could  be  seen  between  the 
plants  compared  to  a  normal  year  when  there  Is 
virtually  100*  ground  cover.  For  this  area  the 
nreclpltatlon  In  19b8  was  much  below  normal  over  the 
months  of  Hay  to  July  which  was  compounde'f  by  a  dry 
winter.  In  1S'‘8,  the  average  yield  for  the  Crop 
Reporting  District  which  Included  this  RH  was  14.7 
bu\ac  compared  to  a  value  of  33.0  In  1967.  The  peak 
of  the  NDVI  curve  for  1988  was  reduced  by  36*  compared 
to  1987  and  the  average  of  1985-1987.  This 
qualitative  approach  truly  Illustrated  the  Information 
content  of  the  AVHRR  data  for  vegetation  monitoring 
and  work  Is  now  progressing  on  making  the  analysis 
more  quantitative. 

CONCLUSIONS: 

The  AVHRR  data  has  been  demonstrated  to  be  useful  for 
monitoring  drought  conditions  In  the  prairie 
provinces.  These  data  have  the  advantage  that  they 
represent  a  direct  measurement  of  the  vegetation 
conditions,  which  can  br  altered  by  drought,  and  that 
they  are  continuous  In  spatial  extent.  Consequently, 
they  are  an  excellent  complement  to  point 
meteorological  measurements.  Another  Important 
consideration  for  an  operational  agency  Is  data 
timeliness.  It  has  been  demonstrated  that  the 
remotely  sensed  data  can  be  collected  and  preprocessed 
In  a  timely  fashion  such  that  it  can  be  used  In  real¬ 
time  crop  monitoring.  It  Is  anticipated  that,  In  the 


future,  those  two  data  sources  will  be  closely  linked 
In  new  crop  yield  and  drought  detection  area  specific 
models,  which  will  greatly  enhance  drought  monitoring. 
One  of  the  disadvantages  of  the  remotely  sensed  data 
Is  the  lack  of  a  long  term  database  which  Is  relatable 
to  historical  crop  yield  data  and  the  need  for  further 
research  to  make  the  data  analysis  more  quantitative. 
Vigorous  efforts  are  currently  being  made  by  various 
groups  to  correlate  these  data  with  crop  yields  and 
refine  the  monitoring  techniques.  In  summary,  even  as 
a  qualitative  tool,  the  AVHRR  has  been  very  useful  In 
monitoring  and  Identifying  areas  Impacted  by  drought. 
NOAA  satellite  data  can  be  used  to  generate  a  cost 
effective  near  real-time  vegetation-based  drought 
Indicator.  Further  studies  to  refine  this  monitoring 
technique  are  warranted  because  of  It  has  great 
potential  to  Improve  our  crop  condition  and  drought 
monitoring  capabilities. 
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Figure  1.  A  typical  vegetation  Index  vs  time  for  a 
Rural  Municipality  In  Southern  Manitoba. 
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ABSTRACT 

Since  1980,  the  Canada  Centre  for  Remote 
Sensing  has  undertaken  work  to  determine  the 
extent  to  which  LANDSAT  Multispectrai  Scanner 
(MSS)  data  can  be  used  to  assist  managers  of 
the  rangelands  of  Western  Canada.  Previous 
studies  have  focussed  on  the  qualitative 
classification  of  range  condition  based  on  the 
tones  of  the  enhanced  sateilite  imagery.  The 
aim  of  the  present  study  is  to  evaluate  the 
feasibility  of  monitoring  the  change  in 
rangeland  condition  using  quantitative  digital 
analysis  techniques. 

12  cloud-free  fall  images  covering  a  20,000 
km^  area  of  southeastern  Alberta  were  acquired 
between  1973  and  1988.  A  procedure  previously 
developed  at  CCRS  to  convert  digital  counts 
to  reflectance  values  was  applied  to  the 
individual  scenes.  This  procedure  corrects 
for  sun  angle  and  atmospheric  effects,  thus 
making  possible  between-date  comparisons.  The 
images  were  registered  to  the  Universal 
Transverse  Mercator  (UTM)  projection  and 
resampled  to  produce  50  m  X  50  m  pixels. 

MSS  band  5  difference  images  were  calculated 
for  selected  periods  spanning  the  data 
coverage.  The  images  showed  year-to-year 
changes  in  range  condition  and  iand  use.  Land 
use  changes,  particularly  the  conversion  of 
rangeland  into  cropland  or  seeded  pasture, 
were  the  dominant  changes  in  the  area. 
Significant  differences  in  the  level  of  range 
use  between  years  were  also  observed  in  most 
difference  images.  A  standard  deviation  image 
product  was  then  prepared  in  which  the  pixel 
value  represents  the  standard  deviation  of 
band  5  for  all  the  years.  This  product 
highlighted  specific  areas  where  land  cover 
condition  varied  substantially  over  the  15 
year  period. 

Keywords:  Rangeland,  LANDSAT -MSS,  Alberta 


1.  INTRODUCTION 

The  Public  Lands  Division  of  Alberta  Forestry, 
Lands  and  Wildlife  is  responsible  for 
administering  approximately  1.25  million 
hectares  of  publicly  owned  mixed  grass 
prairie.  The  grazing  lands  are  leased  to 
individual  ranchers  and  grazing  associations 
or  are  maintained  as  Provincial  Grazing 
Reserves.  One  of  the  responsibilities  of 
Public  Lands  is  to  monitor  the  condition  of 
the  rangeland  in  order  to  develop  and 
implement  appropriate  management  practices. 
This  monitoring  effort  is  hampered  by  the  size 
of  the  area  that  must  be  covered  by  range 
inspectors.  Another  concern  of  range  managers 
is  the  diminishing  size  of  the  prairie  as 
pressures  from  oil  and  gas  exploration, 
conversion  to  conventional  farming,  and 
recreational  interests  increase. 

Starting  in  1980,  the  Canada  Centre  for  Remote 
Sensing  has  been  working  with  the  Public  Lands 
Division  to  develop  methods  for  using  remotely 
sensed  data  in  long-term  monitoring  of  range 
condition  and  use.  As  part  of  the 
investigations,  the  relationship  between 
biomass  and  reflectance  values  was  explored 
(Brown  et  al .  ,  1983).  This  and  subsequent 
studies  (e.g.,  Thomson  et  al.,  1985;  Adams  et 
al.,  1986;  Adams  et  al.,  1988)  identified  the 
difficulties  associated  with  a  quantitative 
interpretation  of  range  condition  from 
satellite  data.  Besides  inconsistencies  in 
the  reflectance  vs.  biomass  relationship  and 
its  variations  with  season  and  vegetation 
composition,  substantial  numbers  of  ground 
samples  are  required  to  provide  an  estimate 
of  biomass  production  (Ahern  et  ai.,  1981). 
In  addition,  biomass  is  not  the  only  (or 
necessarily  the  best)  measure  of  range 
condition  in  mixed  grass  prairie.  The  studies 
established,  however,  that  rangeland  condition 
can  be  qualitatively  assessed  from  enhanced 
LANDSAT  images  (Pearce,  1980;  Brown  et  al . , 
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1983;  Adams  et  al . ,  1988). 

Using  visual  analysis,  the  interpreter  can 
effectively  examine  only  a  few  images  at  a 
time.  This  creates  serious  difficulties  when 
examining  long-term  trends  in  vegetation 
condition  over  a  large  area  (Pearce,  1985). 
Another  complicating  factor  is  the 
misregistration  of  images.  As  a  result,  it 
is  not  possible  to  follow  the  trend  of  one  or 
a  few  pixels  from  year  to  year. 

In  the  present  study,  the  emphasis  is  placed 
on  simplifying  and  standardizing  the 
interpretation  process.  LANDSAT  MSS  band  5, 
which  spans  the  red  spectral  region  from  0.6 
to  0.7  micrometres,  was  used  as  an  indicator 
of  range  condition.  This  choice  was  based  on 
the  fact  that,  for  vegetation  studies,  LANDSAT 
MSS  has  two  uncorrelated  bands  (5  and  7)  but 
since  there  is  very  little  green  biomass  in 
the  fall  the  bands  are  highly  correlated  and 
band  5  provides  most  of  the  useful 
information.  Pearce  (1980),  Brown  et  al. 
(1983)  and  others  found  that  low  band  5  values 
correspond  to  a  better  range  condition; 
specific  reasons  could  be  higher  standing 
brown  biomass,  higher  carryover,  higher  club 
moss  ( Selaeinella  densa) .  or  a  conversion  to 
seeded  grass  cover  such  as  crested  wheatgrass 
I  AeroDvron  cristatiim) .  In  contrast,  range  in 
poor  condition  due  to  excessive  grazing  or 
environmental  factors  appears  as  a  lighter 
tone  on  the  imagery.  In  addition  to  exposing 
the  underlying  soil,  heavy  grazing  tends  to 
eliminate  the  more  desirable  native  grasses 
which  are  then  replaced  by  more  weedy  species. 
Since  there  is  very  little  green  biomass  in 
the  fall,  band  5  is  highly  correlated  to  band 
7  and  thus  provides  most  of  the  useful 
information. 

2.  METHODOLOGY 

The  study  area  is  a  20,000  km^  region  of  mixed 
grass  prairie  in  southeast  Alberta.  This 
region  is  characterized  by  native  grasslands 
with  a  cover  of  short  grasses  such  as  needle- 
and-thread  ( Stioa  comata )  and  blue  grama 
(  Bouteloua  sracil is) ,  medium  grasses  such  as 
northern  wheatgrass  ( AgroDvron  dasvstachvum) 
and  crested  wheatgrass  ( Aeraovran  cristatum) . 
club  moss  (  Selaeinella  densa)  and  small  forbs 
and  shrubs.  These  grasses  are  associated  with 
Brown  and  Dark  Brown  Chernozem  soils  as  well 
as  some  Solonetzic  soils.  The  soils  are 
generally  shallow,  have  a  high  sodium  content, 
and  are  susceptible  to  wind  erosion  when  dry. 
Erosion  of  the  upper  soil  layer  exposes  the 
light-coloured  highly  reflective  B  horizon. 

A  time  series  of  12  fall  Images  was  selected 
because  little  or  no  green  vegetation  is 
present  at  this  time  of  year,  leaving  only 
brown  carryover  biomass.  In  order  to 
facilitate  multi-date  comparisons,  the  effects 
due  to  variations  in  solar  elevation  angle, 
atmospheric  transmission,  and  path  radiance 
had  to  be  eliminated.  A  procedure  had  been 
developed  which  measures  path  radiance  and 
infers  atmospheric  transmittance  for  LANDSAT 
MSS  bands  using  clear  water  bodies.  The 
procedure  transforms  the  raw  MSS  digital 


counts  to  reflectance  values  which  are 
corrected  for  the  aforementioned  factors. 
Clear  water  bodies  were  identified  in  each 
input  scene  and  used  to  perform  the  conversion 
to  reflectances.  In  order  to  enhance  the 
subtle  tonal  differences  in  the  imagery,  a 
linear  contrast  stretch  developed  specifically 
for  rangeland  was  applied  to  each  image  (Brown 
et  al.,  1981).  This  ensures  that  the  minimum 
and  maximum  reflectance  values  correspond  to 


digital 

stretch 

counts  of  0  and  255  respectively, 
is  given  by: 

The 

D  =  255 

(R  - 

1) 

where  D  is  the  resultant  digital  value  of  a 
pixel,  R  is  the  input  reflectance,  and  R,j„  and 
are  fixed  reflectance  limits.  The  images 
were  then  registered  to  the  Universal 
Transverse  Mercator  (UTM)  projection  and 
resampled  using  a  nearest  neighbour  algorithm 
to  produce  a  pixel  size  of  50  m  X  50  m. 

Between-year  difference  images  were  calculated 
as: 

(Band  5)^1  -  (Band  5)^2  f  1K8  2) 

where  the  subscripts  tl  and  t2  correspond  to 
a  more  recent  and  an  older  image  respectively. 
The  standard  deviation  image  was  calculated 
using: 

(((X,  -  a)2  +  ...  +  (x„  -  a)*)/(n  -  1))‘/*  3) 

where  x  is  the  individual  pixel  value  from 
each  input  image  (Table  1)  and  a  is  the  mean 
value  for  that  pixel  from  all  12  images. 


Year 

Date 

Year 

Date 

1973 

September 

27 

1981 

September 

12 

1974 

September 

22 

1982 

September 

14 

1975 

September 

8 

1983 

nc  image 

1976 

September 

20 

1984 

October 

13 

1977 

no  image 

1985 

September 

30 

1978 

no  image 

1986 

September 

1 

1979 

September 

5 

1987 

September 

20 

1980 

no  image 

1988 

September 

22 

Table  1:  Dates  of  LANDSAT  MSS  images 
3.  RESULTS  AND  DISCUSSION 

Due  to  space  constraints,  only  a  subset  of  the 
data  from  one  area  is  presented.  Three  images 
spanning  the  study  period  were  examined  to 
ascertain  rangeland  changes  that  are  evident 
in  MSS  band  5  data.  The  sub-scene  chosen  for 
discussion  is  located  just  southeast  of  the 
village  of  Hays,  with  the  Bow  River  crossing 
the  area  from  top  to  bottom  (Figure  1). 

The  overall  tone  of  the  1973  scene  imaged  on 
September  27  (Figure  la)  was  lighter  than  in 
the  other  two  years,  probably  reflecting  low 
carryover  in  this  very  dry  year  for  the 
region.  Note  also  that  an  island  appears  in 
the  centre  of  the  reservoir  at  A  indicating 
a  lower  water  level  than  in  the  other  two 
years . 
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Figure  1.  Fall  MSS  band  5  images  of  the  Hays  subarea  for  1973  (la),  1981  (lb),  1988  (Ic),  and  the  difference  between  1988 
and  1973  (Id).  See  text  for  discussion. 


On  September  12,  1981  (Figure  lb)  some  notable 
changes  in  land  use  and  range  condition  were 
evident.  The  overall  range  condition  appeared 
better  than  in  1973,  although  some  specific 
sites  were  in  worse  condition,  for  example  B, 
C,  and  D.  On  the  other  hand,  area  E  did  not 
experience  a  decline  in  range  condition  by 
1981  although  the  surrounding  range  did. 
Range  E  was  only  grazed  after  the  grasses  had 
senesced,  while  the  surrounding  range  was 
grazed  all  summer  (Pearce,  1985).  The  dark 
feature  at  F  (Figure  lb)  is  a  fire  scar  from 
late  summer  of  that  year.  Fortunately,  the 
fire  was  quite  light  and  by  September  22,  1988 
there  was  no  evidence  of  its  occurrence  in  the 
imagery  (Figure  Ic).  Analysis  of  the  time 
series  showed  that  much  of  the  range  from  area 
G  (Figure  la)  was  broken  and  replaced  by 
irrigated  farming  between  1976  and  1979. 

Also  of  note  is  the  amount  of  prairie 
converted  from  native  glass  pioduction  to 
irrigated  lands.  Installations  of  pivot 
irrigation  systems  supporting  crested 
wheatgrass  have  replaced  part  of  the  native 
range  in  area  H  by  1981,  and  almost  all  of  the 
area  by  1988.  In  the  1981  (Figure  lb)  and 


1988  (Figure  Ic)  images  it  appears  from  the 
light  tones  that  the  pasture  between  these 
pivot  systems  has  been  heavily  grazed. 
Between  1981  and  1988,  area  I  just  across  the 
road  from  H  was  broken  and  replaced  with  wheel 
irrigation  systems. 

The  change  in  land  use  and  range  condition 
between  1973  and  1988  is  evident  in  the 
difference  image  produced  using  equation  2 
(Figure  Id).  A  neutral  tone  of  grey,  such  as 
that  exhibited  by  the  reservoir  at  A, 
represents  little  or  no  change  while  white  and 
black  tones  correspond  to  areas  of  large 
change.  Some  of  the  previously  mentioned 
locations  stand  out  very  well  (G,  H,  and  I) 
as  does  area  J  which  was  native  range  in  1973 
but  was  converted  to  irrigated  alfalfa  by 
1988.  In  terms  of  range  condition,  the  darker 
tones  of  regions  K  and  L  indicate  range  that 
was  in  better  condition  in  1988;  the  lighter 
tones  .at  M  and  N  identify  range  that  has 
diminished  in  quality. 

The  standard  deviation  image  (Figure  2)  serves 
to  highlight  regions  of  highly  variable  land 
cover.  It  should  be  noted  that  this  image  is 
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shifted  slightly  to  the  north  of  the  otner 
images.  The  white  tones  show  areas  of  high 
variability  while  the  dark  tones  indicate 
constant  conditions.  Most  of  the  white 
regions  are  farmland  (including  native  range 
converted  to  farmland)  although  some  spurious 
effects  caused  by  the  presence  of  clouds  in 
one  of  the  images  are  seen  in  the  lower 
portion  of  Figure  2.  The  fluctuating  water 
level  of  the  reservoir  at  A  is  seen  as  a  white 
strip  around  the  water  body.  The  intermediate 
tones  of  grey  represent  rangeland  condition 
variations  which  are  relatively  small 
(compared  to  the  changes  in  land  use).  The 
previously  discussed  areas  F  and  L  are 
highlighted  in  this  fashion,  as  are  the 
irrigated  lands  at  H. 


Figure  2:  Image  in  which  each  pixel  value 
represents  the  standard  deviation  of  that 
pixel  for  the  entire  dataset. 


4.  SUMMARY 

Yea.-to-year  difference  images  based  on 
LANDSAT  MSS  band  5  fall  data  serve  to  identify 
areas  of  changing  range  condition  in  the  mixed 
grass  prairie.  This  technique  can  assist  range 
managers  in  highlighting  areas  where 
corrective  management  practices  may  be 
required.  It  can  also  be  used  to  determine 
area  estimates  of  rangeland  and  other  land 
cover  types  in  order  to  map  the  changing  land 
use.  The  standard  deviation  image  highlights 
particularly  variable  regions,  although  cloud 
cover  in  any  one  image  limits  the  usefulness 
in  the  affected  areas. 

Since  MSS  band  5  reflectance  ir  mixed  grass 
areas  is  monotonically  related  to  range 
condition,  the  rectified  and  calibrated 
LANDSAT  MSS  band  5  image  could,  in  principle, 
be  transformed  to  show  a  "range  condition" 
index.  For  this  procedure  to  be  sound,  the 
MSS  data  must  be  absolutely  calibrated  and  a 
time-invariant  MSS  vs.  range  condition 
relationship  established.  Encouraging  results 
have  earlier  been  reported  in  both  areas  for 
mixed  grass  prairie  vegetation  (Brown  et  al .  , 
1983).  First  attempts  at  using  this  approach 


for  a  long  time  series  siiowed  that  the 
absolute  calibration  process  is  rather 
sensitive  to  operator  input,  thus  introducing 
a  subjective  element.  Further  work  in  v.his 
diiection  continues.  Future  work  will  also 
involve  the  incorporation  of  ant  illarv  dsita 
through  the  use  of  geographic  information 
systems . 
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ABSTRACT 

This  paper  details  the  first  attempt  to  provide  operational  crop  and  forage  yield  in 
Canada.  Yield  estimates  were  provided  within  ten  days  after  the  end  of  every  week,  starting 
June  15  and  ending  August  7,  1988.  The  major  breakthrough  was  the  production  of  cloud-free 
imagery  by  the  Canada  Centre  for  Remote  Sensing  and  Manitoba  Remote  Sensing  Centre.  This 
breakthrough  enabled  the  Saskatchewan  Research  Council  to  produce  the  crop  and  forage  esti¬ 
mates  for  the  Canada/Saskatchewan  Crop  Insurance  Corporation. 

The  methodology  and  results  of  operational  monitoring  of  the  1988  drought  are  discussed 
in  this  paper.  Calibration  was  performed  using  1985,  1986  and  1987  data.  NOAA  AVHRR  were 
used  to  estimate  yield  for  the  major  grain  and  oil  crops  and  forage  crops.  Two  hundred  and 
ninety-nine  Rural  Municipalities  (average  size  7000  km‘)  were  used  as  test  sites  in  southern 
Saskatchewan.  Results  indicated  that  drought  boundaries  obtained  from  NOAA  data  compare 
favorably  with  those  obtained  from  yield  data  provided  many  months  later. 


INTRODUCTION 

One  of  the  major  economic  factors  in  Saskatchewan  is  the  production  of  cereal  and  oil 
grains.  During  the  1984,  1985  and  1988  crop  years  the  production  of  grains  and  forage  crops 
was  severely  reduced  by  a  drought.  A  major  portion  of  agricultural  Saskatchewan  was  affected. 
Drought  aid  to  farmers  therefore  became  one  of  the  most  important  expenditures  for  the  provin¬ 
cial  government.  Timely  data  on  areas  affected  and  the  severity  of  the  drought  are  important 
to  the  governments  in  their  financial  compensation  to  the  farmers. 

Drought  has  played  an  important  role  in  the  success  or  failure  of  agriculture  in 
Saskatchewan  since  the  early  days  of  settlement.  The  "Dirty  Thirties"  were  probably  the  most 
memorable  drought  years  with  1961,  1977,  1980  and  1984-1985  being  the  most  recent  ones  (Fung 
1969,  Faultey  et  al  1986).  The  abnormally  prolonged  dry  weather  during  the  most  recent 
drought  (1984-1985  and  1988)  have  serious  effects  on  crop  growth.  The  most  vulnerable  sectors 
of  the  economy  to  drought  are,  of  course,  the  farmers.  Decision  makers  require  timely  infor¬ 
mation,  on  the  drought  areas,  in  order  to  help  farmers  over  this  period  of  crises  through  the 
government  financial  assistance  programs.  However,  for  these  programs  to  be  fair  and  equita¬ 
bly  applied  to  those  actually  affected  by  the  drought,  accurate  delineation  of  the  drought 
boundary  must  be  available  in  a  timely  manner. 

Multi -spectral  remotely  sensed  data  from  satellites  has  proven  useful  in  assessing  crop 
vigour.  Host  authors  have  used  some  form  of  vegetation  index  or  normalized  difference  vegeta¬ 
tion  index  (NDVI)  using  Landsat  multi-spectral  scanner  or  NOAA  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  data  (Tucker  1979,  Henricksen  and  Durkin  1986,  Graetz  and  Gentle  1984, 
Henricksen  1986,  Thompson  and  Wehmanen  1978).  In  most  cases,  where  drought  assessment  or 
monitoring  was  required,  large  land  areas  were  involved  and  high  temporal  resolution  pre¬ 
ferred.  This  increases  the  likelihood  of  obtaining  cloud  free  imagery  over  large  areas  more 
frequently.  AVHRR  data  provides  two  passes  per  day  over  the  critical  areas,  low  spatial 
resolution  for  large  area  coverage  and  two  channels  appropriate  for  vegetation  analysis. 

The  grazing  and  hay  lands  of  Saskatchewan  extend  from  the  wide  open  short  grass  prairie 
of  the  south  to  the  northern  roughland  bush  pastures  of  the  Aspen  Parkland  (Pooulus  tremu- 
loidesl.  These  areas  total  7,853,000  ha. 

The  agricultural  areas  in  Saskatchewan  are  divided  into  relatively  large  federal  and  risk 
crop  districts  which  ate  admiiiisli ative  units  established  by  the  federal  and  provincial 
governments  to  gather  different  types  of  census  data.  Within  each  are  smaller  Rural  Munici¬ 
palities  (RH).  Insurance  programs  designed  to  protect  farmers  against  crop  loss  due  to 
drought,  hail  and  other  natural  disasters  are  available  through  government  sponsored  programs. 
Crop  yield  data  is  provided  by  individual  farmers,  however,  crop  statistics  used  in  insurance 
programs  are  collected  and  tabulated  by  Saskatchewan  Crop  Insurance  Corporation  (SCIC). 


OBJECTIVE 

SRC  was  requested  by  Saskatchewan  Crop  Insurance  Corporation  to  provide: 

1.  Snow-cover  as  of  March  31,  1988. 

2.  Soil  moisture  conditions  -  April  15,  1988. 

3.  NOAA  AVHRR  data  at  1  km  resolution  in  the  form  of: 

a.  Computer  tape  and  film  prints  of  crop  stress  (weekly  from  the  Manitoba  Remote  Sensing 
Centre  [on  Wednesdays])  for  16  weeks  at  40cm  x  50cm  and  20cm  x  25cm. 

b.  nim  prints  of  potential  yield  for  forage  crop  on  two  dates  (week  ending  June  20 
[shipping  date  June  29]  and  week  ending  July  4  [shipping  date  August  2]).  Verification 
of  the  satellite  data  using  historic  data  for  each  RM.  Derivation  of  the  statistical 
data  for  1988. 

c.  Film  prints  of  Crop  Yield  Estimates  for  two  dates:  week  ending  June  20  and  week  ending 
July  24.  Verification  of  the  satellite  data  using  historic  RM  supplied  by  Saskatchewan 
Crop  Insurance  Corporation  [SCIC]  in  digital  form  for  3  years  and  provide  mean  and 
standard  deviation  for  long-term  data.  Derivation  of  statistical  data  for  1988. 

METHODOLOGY 

Computer  compatible  tapes  of  NOAA  AVHRR  data  were  obtained  for  June,  July  and  August  of 
1983  to  1988.  The  data  was  normalized  by  applying  a  quadratic  correction  curve  to  the  data 
using  the  minimum  radiance  (clear  water  at  nadir)  and  the  brightest  radiance  values  such  as 
clouds.  Normalized  data  from  the  visual  and  infrared  channels  were  ratioed  to  form  a 
Normalized  Difference  Vegetation  Indices  (i.e.  350  x  [Channel  2-l]/[Channel  2+1])  for  specific 
regions  of  the  province.  An  agricultural  district  boundary  map  was  overlain  on  the  NOAA  data. 

Digital  image  analysis  was  performed  on  a  DIPIX  computer  system.  The  daily  Normalized 
Difference  Vegetation  Index  (NDVI)  was  summarized  by  a  digital  image  (a  pixel  representing  1 
sq  km)  *nto  a  weekly  composite  in  order  to  eliminate  cloud  cover.  The  maximum  daily  NDVI  for 
each  pixel  was  used  in  order  to  have  the  most  recent  data. 

The  Normalized  Difference  Vegetation  Index  for  each  week  was  then  contrast  stretched 
using  Oipix  Aries  II  computer  software.  The  contrast  stretch  for  crop  yield  was  performed  on 
the  bases  of  a  ratio  between  the  weekly  NDVI  and  the  maximum  NDVI  for  1987. 

For  forage  the  equation  ca,lcuUted  first  an  estimate  of  monthly  rainfall  and  from  that 
the  amount  of  forage  in  kg  ha  (Smoliak  et  al.,  1976).  The  weekly  1988  data  was  divided  by 
the  maximum  1987  data  at  each  point.  Historjcal  yield  differences  for  specific  areas  between 
the  normal  and  for  each  forage  were  used  to  derive  ratios. 

The  yield  values  each  year  from  1965  to  1987  were  compared  to  1987.  The  agricultural 
district  boundaries  were  digitized  and  used  to  extract  an  average  NDVI  value  for  each  in  a 
geographic  region. 

RESULTS 

Cibachrom.e  colour  prints  of  enhanced  AVHRR  imagery  were  produced  from  the  computer 
enhancements  to  visually  define  the  boundaries  of  the  areas  affected.  Colour  prints  of 
enhanced  imagery  were  provided  with  three  classes,  namely,  dry,  transitional  and  equal  to  or 
greater  than  1987  for  the  chosen  dates  in  1988. 

The  1985  imagery  showed  an  extensive  zone  of  drought  extending  from  the  southwest  towards 
the  northeast.  During  1986  and  1987,  these  same  drought  areas  supported  mainly  healthy  crops 

and  other  vegetation.  For  forage  the  spread  of  the  three  years  to  the  15  year  mean  was  larger 

with  a  greater  spread  at  the  higher  end. 

Analysis  of  the  NOAA  data  compared  to  the  ground  data  was  done  using  ratios  of  1985  to 
1987  and  1986  to  1987. 

For  1988,  the  NOAA  analysis  for  forge  yield  estimate  showed  that  Saskatchewan  averaged 

57%  less  than  normal  and  45%  for  crop  yield  (Table  1). 


Table  1.  Area  of  Province  at  or  Below  Last  Year  for  Forage  and  Cereal 
Crop  Using  Satellite  Data 

Forage:  Cereal  Crop: 

June  24-30,  88/87  July  14-21,  88/87 


%  of  1987 

Area 

(%) 

Cum 

(%) 

Area 

(km) 

Area 

{%) 

Cum 

{%) 

Area 

km 

0-39% 

.. 

-- 

-- 

.1 

.1 

451.2 

40-49% 

18.9 

18.9 

74728.2 

1.9 

2.0 

7719.6 

50-59% 

6.5 

25.5 

25906.1 

7.8 

9.9 

30975.8 

60-69% 

7.5 

33.0 

29616.1 

11.4 

21.4 

45349.6 

70-79% 

8.1 

41.1 

32259.7 

10.1 

31.5 

39869.6 

80-89% 

8.4 

49.6 

33237.8 

7.6 

39.1 

30038.7 

90-99% 

7.4 

57.0 

29526.8 

6.1 

45.3 

24424.2 

>100% 

42,9 

100.0 

100.0 

169331.2 

394605.0 

54.6 

100.0 

100.0 

215776.8 

394605.0 

DISCUSSION 

Delineation  of  drought  boundaries  for  1988  using  AVHRR  data  were  obtained  by  both  visual 
and  digital  analysis.  Classification  of  the  province  into  the  three  units  showed  the  south¬ 
west  to  have  been  dry  in  1983,  1984,  1985  and  1988  due  to  lack  of  sufficient  soil  moisture  as 

indicated  by  low  acreage  of  grain  crops.  Normally,  much  of  the  area  will  be  dominated  by 

native  pasture  and  hayland  which  remained  green  only  for  a  relatively  short  time  in  spring  and 
early  summer.  By  mid  July,  much  of  the  pasture  grasses  were  matured  and  beginning  to  dry. 
During  1985,  this  dry  zone  was  much  more  extensive  to  the  northeast  and  affected  the  forage 
crop  growing  area.  In  1988,  the  forage  areas  did  not  green-up  until  the  June  30  rains  came  and 
the  temperature  dropped.  In  general,  the  majority  of  the  province  is  below  90%  of  the  1987 
yield. 

CONCLUSION 

Cloud  cover  has  always  been  a  major  deterrent  in  using  satellite  data.  The  process  of 
producing  a  weekly  composite  of  the  data  proved  to  be  a  successful  solution  to  this  problem. 
Crop  and  forage  estimates  using  rainfall  data  were  compared  to  field  and  ground  survey 
information.  The  results  were  within  a  reasonable  range  of  estimation  for  the  3  year  test 

1985-87  and  were  used  for  the  1988  data.  The  cibachrome  photographs  produced  from  the 

enhanced  NOAA  Satellite  data  were  evaluated  by  crop,  and  forage  and  range  management 
personnel  as  to  their  potential  use  as  a  management  tool  for  evaluating  crop,  pasture  and 
forage  conditions  and  production  in  Western  Canada. 
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ABSTRACT 

NOAA  HRPT  data  are  most  suitable  for 
regional  scale  monitorings,  e.g..  1000  -  2000 
km  scale  for  their  wide  coverage  and 
reasonable  ground  resolution  (  -  I  km)  as 
well  as  frequent  data  acquisition  capability. 
For  global  change  detections.  NOAA  APT  data 
have  been  already  used  for  many  kinds  of 
applications.  However,  utilizations  of  HRPT 
data  introduce  several  kinds  of  additional 
problems.  In  this  paper,  methods  to  use  HRPT 
data  for  regional  paddy  monitorings  are 
descr i bed . 

The  following  throe  problems  should  be 
solved  in  order  to  establish  operational 
monitoring  system  using  HRPT  data. 

1)  Higher  geometric  accuracy  is  required  to 
co-register  HRPT  data  for  clouds  elimination. 

2)  Faster  processing  algorithms  for  geometric 
corrections  are  required  to  process  large 
quantity  of  data  within  a  limited  duration. 

3)  radiometric  distortions  mainly  caused  by 
incident  sun  light  should  be  eliminated. 

Following  processings  have  been  adopted 
to  solve  these  problems.  Faster  and  accurate 
geometric  corrections  were  performed  by  three 
step  processings.  in  order  to  eliminate 
radiometric  distortions.  sun  angle 
corrections  were  first  applied.  Residuai 
radiometric  distortions  were  eiiminated  by 
the  aid  of  histogram  normalization  technique. 
After  all  the  above  preprocessings,  pixels 
having  the  lowest  value  of  NVI  (  Normalized 
Vegetation  Index  )  were  selected  to  compose 
cloud  free  image  from  I  week  HRPT  data.  Those 
cloud  free  images  have  been  proved  to  be 
sufficient  to  monitor  rice  crop  growth 
conditions  of  basin  of  Yang  Zi  river  in 
china. 


This  paper  describes  about  the  regional 
paddy  monitoring  system  using  remote  sensing 
technology.  Target  area  of  this  study  is 
large  paddy  fields  spreading  over  Hua  Zhong 
and  Hua  Nan  area.  i.e..  basin  of  Yang  Zi 
river.  This  area  has  a  regional  scale  and  it 
is  very  difficult  to  got  ground  informations 
in  a  timely  manner.  NOAA  AVHRR  data  is 


optimal  for  such  monitorings.  In  this  study, 
a  system  in  order  to  obtain  the  necessary 
informations  of  paddies  in  this  area  within 
certain  time  interval  by  using  NOAA  AVHRR 
images  are  examined. 

This  system  is  composed  of  the 
following  stops.  NOAA  AVHRR  images  are 
collected  in  Tokai  University  Space 
Information  Center  (  TSIC  )  in  Kumamoto, 
Japan.  These  data  are  transported  to  Tokai 
University  Research  &  Information  Center  ( 
TRIC  )  In  Tokyo  and  processed  there.  Data 
processing  is  composed  of  three  steps.  First 
step  IS  preprocessings  which  Include 
soometrio  correction  and  radiometric 
correction.  Geometric  correction  was 
conducted  to  precisely  co-register  each 
images,  radiometric  correction  was  performed 
to  eliminate  the  radiometric  distortions 
mainly  oaused  by  incidence  angle  difference 
of  sun  light.  In  the  second  step,  a  cloud 
free  image  of  the  target  area  was  generated 
by  combining  images  within  one  or  two  weeks. 
In  the  third  step,  the  informations  of  paddy 
growing  stages  were  extracted  using  a 
combination  of  band  1  and  band  2  of  cloud 
free  AVHRR  image  with  the  aid  of  MOS-I  data 
as  ground  truth  data.  In  this  step,  two  kinds 
of  processings  ware  examined.  One  is  the 
false  color  composite  of  band  1  and  band  2 
while  the  other  is  the  use  of  vegetation 
index.  In  both  cases,  paddy  conditions  of 
r eg  I ona I  sea  I e  have  boon  effectively  monitored 
within  reasonable  time  duration. 


2.  TEST  IMAGE  DATA 

Test  image  data  used  in  this  study  are 
as  foil ows ; 


DATA  SET  I 
DATA  SET  2 
DATA  SET  3 


NOAA-9  and  NOAA- 10 

1988. MAY. 15  -  MAY. 24  5  IMAGES 

NOAA-9  and  NOAA- 10 

1 988. JUNE, 3  -  JUNE. 6  5  IMAGES 

NOAA-9  and  NOAA- 10 

1988. JUNE. 24  -  JUNE. 30  8  IMAGES 


A  NOAA  images  of  the  target  area  is 
shown  in  Fig.l  which  was  taken  on  Juno  4. 
1988.  Target  area  of  this  study  is  Hua  Zhong 
and  Hua  Nan  area.  i.e..  basin  of  Yang  Zi 
river. 
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3.  PREPROCESSINGS 

A  flowchart  of  the  image  processings  in 
this  study  IS  shown  in  Pig. 2.  Geometric 
correction  and  radiometric  correction  are 
very  important  in  these  processings. 

3.1  GEOMETRIC  CORRECTION 

In  this  section/  geometric  correction 
for  AVHRR  data  are  described.  In  the 
geometric  correction  for  this  study/  there 
are  following  two  problems. 

1)  Higher  geometric  accuracy  is  required  to 
co-register  AVHRR  data  for  clouds 
elimination. 

2)  Faster  processing  algorithms  for  geometric 
corrections  are  required  to  process  largo 
quantity  of  data  within  a  limited  duration. 

Following  processings  have  been  adopted 
to  solve  these  problems.  Faster  and  accurate 
geometric  corrections  were  performed  by  throe 
step  processings.  At  the  first  step/ 
tangential  and  earth  curvature  distortions 
were  corrected  using  table  look  up  algorithm. 

Tangent  correction  and  earth  curvature 
correction  was  done  as  follows.  The  symbols 
used  in  this  proprocessings  are  shown  in 
Fig. 3.  Let  P  is  the  object  point/  N  is  the 
satellite  nadir/  S  is  the  satellite  and  E  is 
the  geooenter  ^  denote  L  PSN  and  y  denote  4 
PEN.  Then  relation  between  scan  angle  $■  and  y 
can  be  calculated  as  follows. 
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Fig. 2  FLOW  CHART  OF  PROCESSINGS 


Pixels  of  AVHRR  image  are  sampled  with 
equiangle  interval  So/  the  ground 
distance  corresponding  to  changes  depend  on 
the  location  of  P.  In  this  preprocessing/ 
corrected  imago  is  resampled  in  constant 
distance  corresponding  to  Jy.  This 
preprocessing  reduced  the  computational  load 
in  the  next  step. 

In  the  second  step/  geometric 
corrections  using  orbital  elements  we'e 
accelerated  with  the  aid  of  scan  and  pixel 
functions.  One  dimensional  3rd  and  2nd  order 
polynomials  for  each  function  were  sufficient 
to  maintain  within  I  pixel  relative  accuracy. 

Last  step  is  the  co- r eg i s t r a t i on 
process  of  images.  As  most  of  images  are 
largely  covered  by  clouds/  cloud  free  areas 
of  each  image  were  first  selected  and  a 
correlation  technique  was  used  to  determine 
control  points.  Images  were  then  superimposed 
With  the  aid  of  these  control  points.  With 
these  techniques/  co- r eg i s t r a t i on  of  image 
achieved  within  I  pixel  accuracy. 
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Fig.  3  GEOMETRY  OF  SCAN  ANGLE 


3.2  RADIOMETRIC  CORRECTION 

Radiometric  distortions  mainly  caused 
by  incident  sun  light  should  be  eliminated. 
In  order  to  eliminate  radiometric 
distortions/  sun  angle  corrections  were  first 
applied  to  geometrically  corrected  images. 
However/  there  exists  brightness  differences 
between  different  data  images  mainly  caused 
by  atmospheric  conditions.  These  differences 
were  normalized  by  histogram  normalization 
process  using  pixels  which  can  be  thought  to 
be  in  the  same  conditions. 

4.  CLOUDS  ELIMINATION 

Fundamental  idea  to  generate  cleud  free 
image  from  images  is  that  the  channel  I  and  2 
values  of  cloud  parts  are  larger  than  those 
of  cloud  free  area.  However/  the  method  using 
this  idea  also  picks  up  shadows  of  clouds,  in 
order  to  avoid  this  defect/  thresholding  was 
introduced  to  eliminate  shadow  area. 
Thresholding  had  another  defect  that  water 
areas  like  lakes  and  rivers  were  sometimes 
eliminated  as  shadows.  From  these  reasons/ 
therefore/  the  method  using  original  data 
values  cloud  not  applied  easily. 

In  order  to  eliminate  clouds  and 
shadows  simultaneously/  the  method  using 
N.V.I.  (  Normaliib'  Vegetation  Index  )  was 
used.  N.V.I.  can  be  calculated  by  the 
following  equation. 


N.V.I.  =  (  Ch.2  -  Ch.l  )/(  Ch.2  +  Ch.l  ) 

The  N.V.I.  IS  then  scaled  as  follows: 

Scaled  N.V.I.  =  240  -  (N.V.I.  +  0.05  )  x  350 


As  shown  in  the  above  equation/  NVI  has 
larger  values  in  cloud  or  shadow  area  where 
the  difference  of  Ch.l  and  Ch.2  is  relatively 
small.  On  the  contrary/  NVI  in  water  area  has 
not  so  largo  value  because  there  exist  some 
differences  between  Ch.l  and  Ch.2.  Cloud  free 
images  could  be  generated  by  taking  the  area 
which  have  the  smallest  NVI  value. 

5.  MONITORING  OF  THE  PADDY  FIELDS 

Two  kinds  of  cloud  free  images  were 
generated  for  monitoring  the  informations  of 
paddy  growing  stages.  One  is  the  false  color 
composite  image  of  band  I  and  band  2.  The 
other  IS  the  use  of  normalized  vegetation 
index  (N.V.I.  ) . 

After  eliminating  the  clouds/ 
comparisons  o'  paddy  fields  in  three  terms  ( 
mid-May/  early  June  and  late  June  )  were 
executed.  For  the  interpretation  of  these 
images/  MOS-I  data  were  used  as  ground  truth 
data  . 

The  imago  taken  on  mid-May  is  shown  in 
Fig. 4.  This  IS  the  false  color  composite  ( 
Ch.l-B/  Ch.l-G/  Ch.2-R  )  image.  In  this 
image/  dark  tone  appears  in  south  area  and 
red  tone  appears  in  north  area.  This  shows 
that  I  I ce-p I  an t I ng  have  started  in  south  area 
but  there  are  some  plants  in  north  area. 

Next/  the  image  taken  on  early  June  is 
shown  in  Fig. 5.  In  this  image/  dark  tone 
appears  in  central  area  and  red  tone  appears 
in  north  area  and  south  area.  This  shows  that 
rice-planting  have  started  in  central  area 
and  rice  grows  in  south  area  and  there  were 
some  plants  in  north  area. 

At  last/  the  image  taken  on  late  June 
IS  shown  In  Fig. 6.  In  this  image/  dark  tone 
appears  in  north  area  and  red  tone  appears  In 
south  and  central  area.  This  shows  that  rice¬ 
planting  have  started  in  north  area  and  rice 
grows  in  central  and  south  area. 

From  those  throe  images/  it  was 
clarified  that  r  i  ce-p I  ant i ng  moves  from  south 
to  north  day  terms/  same  tendency  cloud  be 
recognized  as  color  composite  images. 


Fig. 4  CLOUD  FREE  COMPOSITE  IMAGE  (MID-MAY) 
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Fig. 6  CLOUD  FREE  COMPOSITE  IMAGE  <LATE  JUNE) 


6.  CONCLUSIONS 

1)  The  regional  paddy  monitoring  system  was 
estabi ished. 

2)  The  precision  of  system  correction  was 
improved  by  using  tangential  and  earth 
curverture  correction. 

w/gg  ry  a  r  f  r  mtt  A  hv 

using  sun  angle  corrections  and  histogram 
normalization  techniques. 

4)  Tow  kinds  of  cloud  free  images  were 
generated  for  monitoring  the  informations  of 
paddy  growing  stages.  One  is  the  false  color 
composite  image  of  band  I  and  band  2.  The 
other  IS  the  use  of  normalized  vegetation 
index  (  N.V.I.  ). 
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ABSTRACT 


Prince  Edward  island  (P.E.I.)  has  recently  undertaken  a  series  of  surface  water  programs  designed  to  reduce 
soil  erosion  within  several  selected  watersheds.  The  implementation  of  such  programs  resulted  in  a  need  to 
establish  a  cost-efficient  means  for  monitoring  and  reporting  on  the  effectiveness  of  these  end  future 
land/water  conservation  programs,  to  this  end,  SPOT  and  Landsat  Thematic  Mapper  (TH)  products  were  examined 
digitally  and  visually  for  their  capabilities  to  provide  information  on  soil  erosion  parameters  such  as 
micro-drainage  patterns,  land  slope  and  land  cover  types.  This  information  would  be  used  to  either  create 
basic  soil  loss  maps  or  to  provide  a  yearly  input  parameter  to  the  cropping  management  factor  in  the 
universal  soil  loss  equation  (USLE). 

Digital  results  indicated  that  it  was  more  effective  to  classify  bare  soil,  low  density  crop,  high  density 
crop  and  forest  covet  o;.  jPOT  or  TH  fall  scenes  than  to  try  to  infer  fall  bate  soil  through  identification  of 
crop  types  on  a  SPOT  summer  scene.  Visual  analysis  of  the  fall  data  provided  an  accurate  alternative  to 
digital  classification  of  the  same  covet  types.  A  point  that  illustrates  the  adequate  resolution  of  and  the 
compatibility  between  SPOT  and  Landsat  TH  imagery. 

It  is  recommended  that  SPOT  panchromatic  data  be  visually  interpreted  to  create  potential  soil  loss  maps 
where  unavailable  while  subsequent  updating  for  the  crop  management  factor  would  be  most  efficiently  managed 
through  analysis  of  TH  imagery.  The  choice  of  digital  vs.  visual  analysis  for  this  updating  is  dependent 
upon  equipment  availability,  time  factor  Involved,  staff  experience  and  budget  constraints. 


Keywords: 


P.E.I.,  soil  erosion  monitoring,  Landsat  TH  imagery,  SPOT  stereo  imagery,  comparison  study. 
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INTRODUCTION 

soil  erosion  Is  declared  to  be  the  Island's  most 
serious  environmental  problem  by  the  authors  of  the 
P.E.I.  conservation  strategy  (1987).  Soil  eroded 
from  farm  fields,  combined  with  fertilizers, 
herbicides  and  pesticides  can,  on  entering  a  water 
course,  lead  to  such  detrimental  effects  as 
slltatlon  of  fisheries  and  wildlife  habitat, 
blockage  of  ditches  and  culverts  and  the 
over-enrichment  or  pollution  of  estuaries  with 
fertilizers  and/or  other  applied  chemicals.  Thus 
the  management  of  our  land  and  water  resources  are 
inextricably  linked  as  both  rely  on  up  to  date 
knowledge  of  ongoing  land  use  practices. 

in  1987  a  Canada-P.E.I.  Water  Resources  Management 
Agreement  was  Implemented  under  which  several 
programs  were  designed  to  study  specific  aspects  of 
P.E.I.'s  water  resources. 

The  purpose  of  this  project  was  threefold:  1)  tc 
compare  the  contribution  of  TM  and  SPOT  satellite 
digital  and  photographic  data  In  mapping  areas  of 
potential  soil  erosion,  2)  to  assess  the 
feasibility  of  using  such  data  to  monitor  the 
progress  and/or  effectiveness  of  programs 
Implemented  under  the  Canada-P.E.I.  Inland  Water 
Resources  Management  Agreement  as  well  as  planned 
conservation  projects  and  3)  to  demonstrate  to 
resource  managers  within  the  region  the  potential 
and  constraints  of  satellite  Image  technology. 

STUDY  AREA 

This  study  focuses  primarily  on  the  Dunk/Wllmot 
Rivet  watershed  complex  (Pig.  1).  This  Intensively 
cultivated  portion  of  the  island  which  has  a 
maximum  elevation  of  95m,  dominated  by  otlthlc 
podzol  soils  and  falls  almost  completely  Into  the 
Canada  band  inventory  (CLI)  agricultural  soils 
capability  class  li  (Whiteside,  1965).  This 
suggests  that,  under  good  management,  these  soils 
ate  moderatly  high  to  high  in  productivity  for  a 
wide  range  of  crops. 


Figure  1:  Location  map  Illustrating  watersheds 
Investigated. 

1988).  This  suggests  a  delay  of  potato  harvesting 
of  approximately  two  weeks  In  1988,  somewhat 
offsetting  a  direct  comparison  of  the  similar 
monthly  dates,  SPOT  18-Oct-88  and  TM  19-Oot-86. 
The  weather  window  for  Image  acquisition  in  P.B.I., 
where  determining  bare  soil  between  harvest  date, 
snow  and  spring  planting.  Is  relatively  narrow. 

Three  additional  watersheds  were  examined  briefly, 
near  the  completion  of  this  project.  The  smallest 
of  the  two,  the  Clyde  River,  has  similar  soil 
capabilities  as  the  Wilmot  but  Is  mote  limited  in 
terms  of  actual  agricultural  production  due  to  mote 
extreme  topography.  The  Winter  Rivet  possesses 
even  greater  agricultural  limitations  than  the 
Clyde  River  which  ii  reflected  In  a  reduction  of 
land  cleared  for  agriculture.  The  valleyfleld 
watershed  was  also  considered  as  the  imagery 
provided  a  springtime  perspective  on  bare  soil 
conditions.  A  marked  difference  between  spring  and 
fall  spectral  response  from  bare  soil  was  noted  by 
Wright  and  Mortice  (1988)  on  Landsat  MSS  bands  5 
and  7. 


The  Dunk/Wllmot  watershed  complex  represents  the 
most  Intensive  potato  producing  regions  on  the 
island.  (N.  Stewart,  pets,  comm.,  1989),  As 
potatoes  ate  harvested  mainly  d'lrlng  late  fall,  the 
harvested  fields  ate  left  to  overwinter  as  bare 
soil.  These  soils  ate  open  to  freeze-thaw  cycles 
In  late  winter  and  early  spring  which  accelerates 
the  rate  of  erosion  (Canada,  1984).  This 
bare-soll-ovet-wlnter  problem  associated  with 
potato  growing  Is  P.E.I.'s  greatest  single  problem 
In  soil  conservation,  in  part  due  to  the  potential 
erodabllity  of  orithlc  podzol  soils.  Within  the 
upper  42%  of  the  Wilmot  watershed  alone,  18.1%  of 
the  total  area  was  planted  in  potatoes  In  1986 
(Harenco,  1987). 

Estimates  of  soil  loss  on  the  upper  Wilmot  River 
watershed  for  1986  were  7,3  tonnes/ha/yr  on  a  total 
agricultural  base  of  2,750  .hectares.  Of  this,  638ha 
of  potatoes  oontilbuteu  36.6%  Of  loSt  Soil  wiiile 
l,030ha  of  grain  accounted  for  32.0%  (Harenco, 
1987).  The  remaining  cleared  land  was 
predominantly  hay,  pasture,  soybeans  and  rye  grass. 

Climate  checks  have  shown  abnormally  high  October 
rainfall  of  141.5mm  In  1988  and  precipitation  for 
October  1986  totalled  just  38.4mm  (Env.  can.. 


METHODOLOGY 
Data  Acquisition 

Acquisition  of  satellite  imagery  was  targeted  for 
July  and  October  1986  as  well  as  October  1988 
(Table  1).  The  SPOT  Image  acquired  during  the  July 
growing  season  was  examined  for  digital  crop 
classification  and  was  augmented  by  a  ground 
reference  map  of  July  1986  documenting  crop  type 
within  the  upper  42%  of  the  Wilmot  watershed  as 
completed  by  Marenco  Engineering. 

pall  SPOT  (  1988)  and  TM  (  1986)  data  were  acquired 
for  the  purpose  of  examining  the  capability  of  each 
data  set  to  identify  bate  soil  and  low  density 
crops.  The  Intent  was  to  Identify  a  means  of 

determining  the  varying  value  for  the  'C  factor 
(cropping  -  management)  as  input  to  the  L'SLE 

(Wischmeier  and  Sinitli,  1978).  To  tills  end  botii 
digital  and  photographic  products  were  acquired. 

Ground  reference  data  for  the  TM  1986  scene  relied 
on  the  Marenco  report  updated  by  interviews  with 
farm  operators  visited  during  the  spring  of  1989. 
For  the  October  1988  scene,  a  combination  of 
on-slte  inspection  data  In  October  '88  and  farm 

visits  comprised  the  ground  reference  Information. 
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SPOT  coverage  o£  the  Clyde  Rivet  watershed  was 
acquired  £ot  12-Oct-86,  again  £or  digital 
classi£ication  o£  bare  soil  and  low  density  crop. 
In  addition,  a  black  and  white  £ilni  positive  was 

created  from  the  positive  film  color  transparency 

of  the  same  scene  and  used  in  combination  with  the 
29-Sept. -87  scene  for  stereo-viewing  on  a 

PROCOM-2.  Ground  reference  data  for  this  site 
included  a  soil  loss  map  based  on  the  USLE,  on 
which  soil  loss  classes  were  delineated  (roughly 
0-0.4,  0.4-1,  1-2  and  greater  than  2  tonnes/ 

hectare/year) . 

Additional  SPOT  scenes  were  acquired  in  the  east 
and  west  for  the  eventual  creation  of  a  SPOT 

photographic  mosaic  of  P.E.I.,  and  the  Landsat 

thermal  band  6  is  linked  to  continuing  effort 
toward  detecting  springs,  soil  moisture  and  estuary 
sediment  loadings. 

Digital  Imagery 

All  digital  image  analysis  was  completed  on  a 

Dipix,  Aries  ll  PDP,  11/73  based  system. 

Geographic  information  analysis  and  mapping  were 
performed  on  a  GeoBased  geographic  information 
system  (GIS)  which  supports  a  bi-directional 
interface  with  the  Dipix  system.  work  is  in 
progress  to  establish  the  same  link  with  a  CARIS 
microvax  based  GIS.  This  new  interface  will 
facilitate  faster  transfer  of  digital  thematic  data 
to  PEI  government  agencies  which  now  rely  on  the 
CARIS  for  geographic  information. 

Digital  analysis  of  SPOT  and  TH  data  followed 
parallel  procedures.  Spectral  bands  used  for  SPOT 
included  xsl,  XS2,  and  XS3  while  those  chosen  for 
TH  were  that  sensor's  complimentary  bands  tH2,  TH3, 
and  TM4.  This  was  done  in  order  to  accelerate  user 
familiarity  with  agricultural  land  reflectances 


when  assessing  the  digital  or  photographic  products 
of  either  sensor.  A  three  band  subset  was  chosen 
for  budgetary  purposes  as  the  price  of  an 
additional  one  or  three  band  subset  would  double. 
AS  one  of  the  primary  considerations  in  this 
project  was  the  visual  assessment  of  bare  soil,  a 
medium  infrared  TH  band  was  not  chosen  as  no 
equivalent  was  available  from  the  SPOT  sensor. 

preprocessing  of  both  TH  and  SPOT  data  involved  a 
non-scaled  merge  of  scene  quadrants  as  the 
watershed  geographically  spanned  two  magnetic  tapes 
in  both  data  sets.  This  was  done  within  the  Dipix 
environment  through  geometrically  resampling  each 
half  to  a  larger  blank  scene  and  then  adding  the 
top  and  bottom  together.  Subsequent 
classifications  for  all  data  sets  involved  creating 
supervised  training  areas  for  input  into  a  maximum 
likelihood  classifier.  Cover  types  chosen  for  SPOT 
single  date  imagery  acquired  during  the  growing 
season  included  close  grown  crops,  row  crops, 
pasture,  residential,  bare  ground  and  forest.  For 
the  fall  imagery  from  TH  '86  and  again  from  SPOT 
‘88  cover  types  were  joined  into  four  basic 
classes,  bare  soil,  low  density  crop,  high  density 
crop  and  forest. 

one  such  Dipix  classification  for  the  Clyde  R. 
watershed  was  output  to  tape  in  LGSVKXS  format  and 
sent  to  Tydac  Industries  inc.  for  transcription 
onto  a  13.4  cm  'floppy'  diskette.  others  have 
converted  to  diskette  to  utilize  readily  available 
microcomputers  (Ringrose  and  Dube,  1986).  The 
diskette  was  then  input  into  Environment  Canada's 
micro-based  GIS  (SPANS)  for  overlay  analysis  with  a 
soil  loss  map  derived  from  the  USLE.  This  movement 
into  a  micro-based  environment  is  formalized  in 
Canada  through  a  working  agreement  between  Nucor 
computing  Resources  inc.  and  CCRS  as  producer  of 
SPOT  and  EOSAT  products.  Nucor  was  contracted  to 


Table  1:  Imagery  used  in  soil  erosion  analysis  (all  processed  to  minimum  level  of  bulk  full  scene  georeferenced) 


SENSOR 

DATE 

LOOK 

GENERAL 

SATELLITE 

MODE 

BANDS 

FORMAT 

IMAGED 

DIRECTION 

LOCATION 

1.  LANDSAT 

5 

TM 

2,3,4 

CCT/PFCT 

19/Oct/1986 

Nadir 

85%  of  PEI 

2.  LANDSAT 

5 

TH 

3,5,4 

PFCT 

19/Oct/1986 

Nadir 

■  m 

3.  LANDSAT 

5 

Thermal 

6 

PFT 

.  19/Oct/1936 

Nadir 

m  n 

4.  SPOT 

XS 

1,2,3 

CCT/PFCT 

18/Oct/1988 

07.67 

Dunk/Wl Imot 

5.  SPOT 

XS 

1,2,3 

CCT/PFCT 

25/JU1/1986 

-02.60 

R. watershed 

6.  SPOT 

XS 

1,2,3 

CCT/PFCT 

Ol/Sep/1988 

10.02 

W  3rd  -  PEI 

7.  SPOT 

STEREO-PAIR: 

XS 

1,2,3 

CCT/PFCT 

02/Hay/1987 

-02.30 

Valleyf ield 
R  watershed 

8.  SPOT 

XS 

1,2,3 

CCT/PFCT* 

12/Oct/1986 

-26.88 

up.  Wilmot 
s  Clyde  R. 

9.  SPOT 

p 

1 

CCT/PFT 

29/Sep/1987 

17.52 

Up.  wilmot 
Clyde  & 
Winter  R. 
watersheds 

TH  -  Thematic  Mapper 

SPOT  -  satellite  pour  1 'Observation  de  la  Terre 
XS  -  Hultispectral 

*  created  black  6  white  film  positive  transparency 
for  stereo  viewing  on  Procom-2  device. 


P  -  panchromatic 

CCT  -  computer  compatible  Tape 

PFCT  -  Positive  Film  Colour  Transparency 

PFT  -  Black  &  White  Film  Transparency 
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provide  a  transcription  of  a  512  pixel  by  512  pixel 
window  of  SPOT  raw  (features)  data  for  display  and 
viewing  on  CIS  (SPANS).  If  feasible,  a  yearly 
update  could  be  performed  to  monitor  areas  of  bare 
soil  located  on  land  highly  susceptible  to  soil 
erosion. 

output  map  products  from  digital  analysis  were  both 
digital  and  photomechanical  in  nature,  in  digital 
map  creation,  Diplx  classifications  were  output  to 
tape  and  transferred  to  a  CIS  environment  for 
plotting  to  planimetric  base  maps,  in  most  cases, 
bare  soil  and  low  density  crop  were  the  only 
thematic  classes  to  be  plotted  as  these  were  of 
primary  Importance  to  soil  erosion  monitoring. 
Area  statistics  of  the  mapped  results  were  also 
compiled. 

photomechanically  produced  map  products  of  the  same 
thematic  information  were  created  to  enable  a  cost 
comparative  analysis  with  digital  output  products. 
In  producing  photomechanical  maps,  the  land  classes 
of  bare  soil  and  low  density  crop  were  plotted  on 
to  an  ACT  II  ink-jet  plotter  with  two  vastly 
different  shading  densities.  These  plots  were  then 
overlaid  (no  scale  change  was  needed)  with 
contoured  mylar  base  maps  at  scales  of  1:50,000  and 
1:125,000  and  then  photographed  to  produce 
non-digital,  black  and  white  thematic  maps. 

Visual  Imagery 

All  visual  interpretations  of  false  color 

composites  (fcc)  were  completed  using  a  Aviopret 
stereoscope,  a  standard  mirror  stereoscope  and  a 
Prooom-2.  The  Procom-2  is  an  optical 
stereo-transfer  device  suited  for  thematic  change 
detection  and  mapping  using  satellite  imagery  as  it 
provides  a  magnification  range  from  3x  to  over 
140X.  This  stereo  capability  and  the  magnification 
range  facilitates  the  overlaying  of  up  to  two 
images  of  varying  scales  onto  a  base  map/image  of  a 
third  scale.  It  also  enables  three-dimensional 
viewing  through  the  use  of  ted  and  green  colored 
lenses,  panchromatic  image  transparencies  must  be 
used  to  obtain  a  stereo  view  from  an  anoglyph. 
Thus  a  black  and  white  positive  transparency  was 
created  of  the  12-Oct-86  colour  composite.  The 
panchromatic  stereo-pair  (Table  1)  was  used  in  an 
attempt  to  target  potential  areas  of  high  soil 
erosion. 

Fee's  of  October  scenes  TH  '86  and  SPOT  '88  (185  ram 
format)  were  registered  to  each  other  and,  through 
off/on  viewing  of  individual  fields,  changing  land 
use  patterns  were  identified.  conventional 
photointerpretation  parameters  of  tone,  shape, 
texture  and  association  were  used  in  the  analysis. 

In  the  Dlpix  environment  the  October  TM  infrared 
band  4  was  resampled  to  20  metres  and  geometrically 
registered  to  the  October  SPOT  band  3.  With  TM 
band  4  assigned  to  the  red  gun,  SPOT  band  3 
assigned  green  and  liie  blue  gun  turned  off,  it  was 
possible  to  visually  interpret  changes  in  cropping 
patterns  on  the  colour  monitor.  This  rendition  was 
then  output  to  tape  for  transfer  to  a  colour 
recorder  and  film  transparency. 

On  the  Dipix  CRT  monitor  band  3  of  the  SPOT 
18-Oct-38  scene  was  displayed  in  black  and  white 
and  'micro-drainage*  was  manually  traced  with  the 
system  cursor.  A  35mm  slide  was  taken  and  through 


the  use  of  the  Ptocom-2  was  compared  to 
micro-drainage  as  mapped  on  a  1:25,000  NTS  sheet 
and  on  a  1:35,000  black  and  white  aerial  photograph 
taken  02-May-36.  This  was  an  attempt  to  identify  a 
stream  'dissection  class*  parameter  to  be 
considered  when  indexing  small  river  basins  for 
susceptibility  to  erosion  as  described  by 
Schumacher  (1986).  This  author  was  considering 
1:65,000  aerial  photography  when  describing  the 
other  'readily  observable  features*  in  this  erosion 
hazard  index;  slope  topography  and  land  use. 

The  Procom-2  was  also  used  to  determine  a  general 
percentage  of  grain  stubble,  a  conservation 
measure,  that  could  be  detected  on  the  Oct.  '88 
SPOT  scene.  The  process  was  based  on  a  limited 
number  of  fields  checked  this  spring. 

RESULTS 

Digital 

AS  shown  by  Table  2  the  highest  individual  accuracy 
achieved  for  crop  classification  on  the  SPOT  summer 
scene  was  for  row  crops  at  84.5%.  Due  to  the  poor 
performance  of  the  remaining  classes  overall 
agreement  dropped  to  59.4%.  This  falls  well  below 
the  general  guidelines  set  by  Anderson  et.  al. 
(1976)  whereby  a  land  covet  classification  should 
achieve  an  overall  accuracy  of  85%  to  be  useful. 

Thus  it  was  deemed  impractical  to  either  Identify 
dynamic  crop  rotation  patterns  or  to  infer  fields 
to  be  left  as  bate-soil-ovet-wintet  through 
identification  of  crop  types  on  single  date  SPOT 
summer  imagery.  Also  the  increasing  practice  of 
planting  winter  grains  as  a  conservation  practice 
reduces  the  reliability  of  such  an  Inference.  This 
conclusion  was  not  unexpected  as  Thomas  et.  al. 
(1986)  and  Bernier  et.  al.  (1987)  recommend  using 
multi-temporal  data  when  monitoring  a  diverse 
agricultural  system. 

AS  an  alternative  approach,  both  TM  and  SPOT,  data 
obtained  after  fall  harvest,  were  examined  for 
their  ability  to  map  bare  soil  on  a  single  date. 
Land  cover  classes  for  use  in  supervised  training 
were  restructured  to  fulfill  the  requirements  for 
Identifying  areas  of  potential  soil  loss,  as  such, 
cover  types  included:  (a)  bare  soil,  (b)  low 
density  crops,  e.g.,  harvested  grains  or  other 
areas  where  soil  reflectance  comprised  a  major 
portion  of  the  reflected  spectral  energy,  (c)  high 
density  crops  such  as  pasture,  hay,  idle  land,  and 
winter  grains  and  (d)  forest  cover. 

Table  3  shows  the  overall  agreement  of  SPOT  Oct. 
'88  data  to  be  74.6%.  The  primary  problem  causing 
this  low  agreement  was  related  to  confusion  between 
low  density  and  high  density  crops.  This  problem 
may  have  been  related  to  the  assessment  procedure 
whereby  ground  reference  was  input  in  blocks 
associated  with  field  boundaries.  As  such,  all 
pixels  in  a  fieio  or  nign  censity  were  assignee  a 
ground  cover  class  of  high  density  regardless  of 
whether  or  not  the  field  contained  any  low  density 
pixels.  If  separation  of  these  classes  was  not 
required  by  the  resource  manager  the  overall 
accuracy  would  rise  to  93.4%. 
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Table  2.  Assessment  o£  classification  accuracy  for  original  land  cover  classes.  SPOT  25-July-86. 

Classification  Results 


cover  Type 

Close 

ROW 

Bare 

Forest 

% 

Omission 

Grown 

crop 

1,129 

pasture 

Resident. 

soil 

cover 

Total 

Correct 

Error 

Close  Grown 

13,254 

7,916 

483 

12 

269 

23,063 

57.5 

42.5 

ROW  crop 

1,290 

8,756 

222 

94 

- 

- 

10,362 

84.5 

15.5 

pasture 

3,250 

373 

6,306 

661 

- 

30 

10,620 

59.4 

40.6 

Residential 

8 

83 

20 

156 

28 

- 

295 

52.9 

47.1 

‘Bate  soil 

442 

77 

278 

90 

- 

- 

387 

0 

100 

Forest 

2,625 

43 

1,263 

4 

- 

1,785 

5,720 

31.2 

68.8 

Total 

20,869 

10,461 

16,005 

1,488 

40 

2,084 

50,947 

%Commission 

36.5 

16.3 

60.6 

89.5 

100 

14.3 

Error 

overall 

Agreement  ■ 

59.4% 

*  AS  ground  truth  did  not  exactly  coincide  with  overpass  date  it  is  believed  that  these  areas  supported  some 
vegetation  at  the  time  of  image  acquisition  causing  class  confusion. 


Table  3.  Assessment  of  classification  accuracy  for  generalized  land  cover  classes,  SPOT  18-Oct-88 
and  TH  19-Oct.-86 


Classification  Results 


LOW  Density  High  Density  votest 


%  Omission 


Covet  Type 

Bare 

soil 

crop 

crop 

Cover 

Total 

Correct 

Error 

SPOT 

TM 

SPOT 

TM 

SPOT 

TM 

SPOT 

TH 

SPOT 

TH 

SPOT 

TO 

SPOT 

TO 

Bare  soil 

1,870 

2,635 

143 

292 

2 

3 

4 

2,016 

2,933 

92.8 

89.3 

7.2 

10.2 

LOW  Density  crop 

- 

102 

4,312 

743 

2,892 

31 

270 

5 

7,474 

931 

57.7 

79.8 

42.3 

20.2 

High  Density  crop 

- 

- 

716 

6 

5,736 

826 

290 

5 

6,742 

837 

85.1 

98.6 

14.9 

1.4 

potest  Covet 

1 

1 

38 

61 

3 

23 

878 

937 

920 

1,022 

95.4 

91.7 

3.6 

8.3 

Total 

1,871 

2,738 

5,209  1,102 

8,631 

932 

1,441 

951 

17,152 

5,723 

%  commission  Error 

- 

3.8 

17.2 

32.5 

33.5 

11.3 

39.1 

1.4 

overall  SPOT  Agreement  =  74.6% 
overall  TH  Agreement  =  89.8% 


*  Due  in  part  to  assessment  procedure  which  did  not  take  into  account  low  density  pixels  occurring  in  high 
density  fields. 


Thematic  Mapper  data  had  an  increase  in  overall 
agreement  over  SPOT  by  15.2%  >Table  3).  This  was 
primarily  related  to  the  improved  performance  of 
the  low  density  crop  class  and  may  be  a  result  of 
the  larger  pixel  size  having  a  reduced  tendency  to 
identify  areas  of  low  density  throughout  high 
density  fields. 

overall  it  was  evident  that  both  sensors  were 
capable  of  monitoring  bare  soil  vs  areas  with  some 
type  of  vegetation  cover  including  grain  stubble. 
The  Thematic  Mapper  has  a  definite  advantage  over 
the  SPOT  sensor  in  its  ability  to  capture  85%  of 

4m  mma  m  m  m  m  •m  aW  M 

fcti  Vll€  U 

third  less  image  processing  'machine  time'  than  did 


a  SPOT  sub  scene  based  on  a  supervised 
classification  of  a  1:58  000  map  sheet.  Although 
SPOT  has  an  increased  revisit  capability,  scenes 
acquired  over  several  dates  require  more  extensive 
ground  reference  data.  This  same  increased  spatial 
resolution  simplified  the  linking  of  reference  data 
on  a  sub  field  level  with  SPOT  sub  scenes. 

Of  note  was  the  visibly  lower  return  from  fields  in 
bare  soil  which  had  been  recently  harvested  for 
potatoes  as  opposed  to  the  bright  return  of  other 
fields  in  bare  soil.  This  discrimination 
capability  suggests  the  ability  to  monitor  such 
crop  rotation  oc  potoroco/  ^roir.c  or.d  either  hoy, 
pasture  or  idle  land  using  SPOT  or  TM  post  harvest 
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data.  A  study  in  Scotland  (Wright  and  Horrice, 
1988)  noted  a  marked  increase  in  the  spectral 
return  from  bare  soils  in  Hay  on  Landsat  HSS  bands 
5  and  7  when  compared  with  similar  bands  in 
October.  when  comparing  the  acreage  of  land  in 
bate  soil  for  NTS  map  sheet  llL/5  it  was  found  that 
the  1988  fall  season  had  1406  mote  ha  of  exposed 
land.  For  the  entire  Tm  1986  scene  (92%  of  the 
island)  56  689  ha  or  11%  were  classed  as  bate  soil. 

A  cost  comparison  of  digital  vs  photomechanical 
output  products  for  map  sheet  llL/5  showed  that  for 
plotting  bare  soil  and  low  density  crop  at  a  scale 
of  1:50,000  the  digital  plot  could  be  as  much  as 
75%  more  expensive.  Of  this  cost  60%  was  incurred 
in  creating  a  digital  base  map,  a  one  time 
expenditure  which  would  not  be  repeated  in  the 
yearly  updates.  Although  more  expensive  initially, 
CIS  mapping  allows  for  yearly  analysis  and  updating 
which  is  not  readily  available  through  photographic 
products. 

Visual 

Photo  interpretation  of  the  satellite  FCC's  showed 
it  was  possible  to  accurately  differentiate  between 
the  four  covet  types  chosen  for  digital 
classification.  Analysis  of  image  texture,  feature 
shape  and  association,  enable  differentiation 
between  bare  soil  agricultural  and  bare  soil 
non*agticultutal  which  was  not  possible  in  digital 
image  analysis. 

Much  of  the  visual  interpretation  of  SPOT  and  TH 
imagery  was  done  from  the  digital  image  analysis 
system  (DIAS)  due  to  the  enhanced  clarity  of  its 
monitor,  it  proved  easier  to  detect  waterbodies, 
of  less  than  20  meters  wide,  on  SPOT  XS  3,  than  on 
the  panchromatic  mode  having  twice  the  spatial 
resolution.  Additional  ground  reference 
information  is  needed  to  determine  a  correlation 
between  small  ponds  and  a  base  flow  from 
groundwater  input. 

Visual  interpretion  of  micro-drainage  on  SPOT  XS3 
showed  that,  of  the  76  stream  branches  in  the 
Dunk/Wilmot  watershed  complex,  60.5%  correlated 
directly  with  the  1:25,000  NTS  map  and  another  25% 
appeared  through  interpolation  of  contour  level 
giving  a  total  of  85.5%  accuracy.  Such  results 
could  not  be  duplicated  within  the  Winter  River 
watershed  where  the  increase  in  shrub  and  forest 
and  subsequent  reduction  of  agricultural  land  made 
visual  delineation  mote  difficult.  These 
inconsistent  results  indicate  that  a  stereographic 
view  is  needed  to  attempt  the  delineation  of 
sub-field  drainage  patterns. 

Evaluation  of  SPOT  XS  and  P  mode  image  stereo-pairs 
on  the  Aviopret  and  a  panchromatic  stereo-anaglyph 
on  the  Prooom-2  having  two  projectors  was 
undertaken.  Past  experience  in  a  nearby  area 
(Wilson  et.  al.  1988),  indicates  that  these 
naramo^Aru  relating  ro  rhn  erosion  hazard  index 
(Schumacher,  1986)  could  be  delineated  providing 
SPOT  stereo-pairs  having  the  maximum  look-angles 
are  available.  The  Procom-2  offered  the  advantage 
of  simultaneous  interpretation  and  mapping.  With 
the  stereo  model  having  the  highest  combined 
look-angles  of  17.52  degrees  and  -26.88  degrees, 
only  elevation  differences  approaching  20  metres 
could  be  perceived,  based  on  attempts  to  create 


contours  lines  from  the  anaglyph.  The  reduced 
quality  of  the  black  and  white  film  positive 
created  from  the  colour  October,  1986  scene  was  a 
factor  in  lowering  the  perceived  vertical 
exaggeration,  and  thus  the  capability  to  determine 
slope  angles.  Past  experience  has  demonstrated  the 
correlation  between  larger  look-angles  (up  to 
-30.37  degrees)  and  increased  vertical  perception. 
(Wilson  et,  al.,  1988).  For  a  regional  targeting 
program  to  be  successful,  smaller  contour  intervals 
than  those  determined  here  are  required. 

Given  these  available  look-angles  it  was  possible, 
from  the  procom-2  produced  anaglyph,  to  extend  the 
drainage  patterns  beyond  some  of  those  noted  on  a 
1:50  000  topographic  map.  Questionable  cases  were 
resolved  with  a  mirror  stereoscope. 

The  Aviopret  stereoscope  offered  a  good  three 
dimensional,  high  definition  overview  of  33  km  at 
3x,  13km  at  8x  and  6  km  at  15. 5x.  Due  to  a  ‘fish 
bowl"  effect,  it  became  difficult  to  determine 
drainage  direction  after  7x,  based  on  the  SPOT 
stereopalr  (P  and  XS)  listed  in  Table  1.  Perceived 
stereo  view  tended  to  be  lost  over  fields  of  high 
spectral  reflectance. 

AS  others  have  noted  (Chevez  and  Bowell,  1938),  the 
complementary  rather  than  duplicative  value  of 
merging  Landsat  TM  and  SPOT  Imagery,  was 
Illustrated  with  the  P.E.I.  study.  The  bands 
selected  provided  a  practical  and  readily 
comparable  multi-temporal  data  set  dealing  with 
soil  loss.  AS  well,  no  difficulty  was  noticed  in 
merging  georeferenced  images  in  the  Procom  nor 
matching  projected  images  to  base  maps  of  varying 
scales  including  1:10  000. 

The  banding  most  noticable,  especially  over  water, 
on  the  fall  scene  (due  to  the  added  contrast 
stretch  used,  according  to  OCRS  data  accompanying 
CCT)  presents  less  of  a  problem  to  visible 
Interpretation  than  digital  methods.  The  ease  of 
dealing  with  this  banding,  horizontal  in  the  TH 
case  and  vertical  in  the  SPOT  scenes,  represents  an 
advantage  of  employing  film  image  products.  The 
degree  of  banding  is  a  major  factor  when 
considering  the  creation  of  an  image  mosaic. 

Visual  interptetabi lity  of  film  products  proved 
advantageous,  even  when  setting  up  trainings  areas 
for  digital  classification.  The  Dunk/Wllmot 
watershed  complex  proved  to  be  a  dynamic  test  area 
difficult  to  classify.  The  shifting  crop  calendar 
and  narrow  climate  windows  for  image  acquisition, 
favour  the  direct  approach  of  targeting  potential 
soil  loss  sites  using  imagery  acquired  before 
planting  and  after  harvest.  The  method  offers 
managers  a  simple  means  of  monitoring  programs,  a 
need  stated  by  Vessey  and  Stewart  (1986). 

Analysis  Technique  -  Advantages 

Digital:  capable  of  providing  map  of  user  required 
classifications  (graphic  and  statistical)  in  an 
efficient  time  frame 

-  with  link  to  a  GIS  can  provide  resource  managers 
with  powerful  analytical  capabilities  in  a  a 
consistent,  repeatable  format. 

-  split  screen  (DIPIX  system  monitor)  provides 
useful  means  of  comparing  images  on  full  pixel 
resolution  in  initial  analysis. 

-  use  of  imagery  and  microcomputer  environment. 
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visual!  has  stereo  viewing  capabilities  with  SPOT 
data. 

-  computer  independent,  i.e.,  no  specialized 
computer  personnel  required. 

allows  human  reasoning  power  with  photo 
interpreters  consideration  o£  tone,  texture,  shape 
and  association. 

-  use  of  a  transfer  device  such  as  the  Procom 
allows  for  comparative  viewing  (3  data  sets  at 
once),  interpretation  and  mapping  of  satellite  data 
in  one  step. 

-  less  expensive  than  digital  data. 

-  hard  copy  is  inoried lately  available  for  field  use. 

Analysis  Technique  -  Disadvantages 
Digital:  requires  access  to  an  image  analysis 
system  (and  possibly  a  geographic  information 
system)  with  specialized  personnel. 

-  digital  image  analysis  does  not  consider  image 
texture,  shape  or  an  association  when  classifying, 

i.e.  totally  dependent  on  image  tone. 

-  more  costly  than  photographic  data. 

Visual:  may  be  labor  intensive  and  time  consuming. 

limited  for  analytical  capabilities  when 
introducing  more  than  one  layer  of  information 
unless  digitized/scanned  and  entered  into  a  CIS. 

RECOHMENDATIOHS  and  CONCLUSIONS 

1.  That  Landsat  (TM)  and  SPOT  (XS  and  P) 

pre-planting  or  post -harvest  Imagery  affords 
resource  managers  a  practical  means  of 

monitoring  the  effectiveness  of  present  and 
future  land/water  conservation  programs  in  p.E.I. 

2.  That  SPOT  panchromatic  film  transparencies 

(stereopalr  having  positive  and  negative  loo): 
angles  of  27  degrees  or  over)  be  used  with  a 
procom-2  to  target  and  delineate  areas  of  high 
potential  soil  erosion  for  regions  not  presently 
mapped  with  the  USLE.  Subsequent  to  this, 

digital  or  photographic  TH  imagery  would  be  used 
on  a  yearly  basis  to  monitor  soil  erosion  and 
crop  rotation  patterns. 

3.  That  crop  density  classes  should  be  established 
using  SPOT  XS  imagery.  A  means  of  estimating 
the  long-term  reduction  in  agricultural 
productivity  based  on  crop  density/crop 
vitality,  may  result, 

4.  That  Hay  SPOT  (XS  and  p  mode)  imagery  be 
evaluated  for  the  detection  of  sub  field 
drainage  patterns  and  evidence  of  soil  erosion 
over  winter. 

5.  Future  research  on  this  project  should  focus  on 
the  exlstent/non-existent  correlation  between 
the  TH  band  6  (thermal  infrared)  and  soil 
moisture  or  estuarine  sediment  loadings. 
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ABSTRACT 

Soil  erosion  from  agricultural  land 
represents  a  loss  of  'nutrients  and 
fertility.  Efforts  towards  controlling  .and 
managing  erosion  by  water  require  accurate 
and  current  data.  The  Universal  Soil  Loss 
Equation  (USLE)  giv  ■  the  predicted  soil 
loss  rate  in  tonnes  r  lectare  per  year  as 
a  function  of  the  ra  i.all,  topography,  soil 
cover  and  conservatio  ,  ctices.  The  paper 
describes  the  developm^ut  of  an  automated 
methodology  for  obtaining  the  topographic 
factor,  LS,  which  reflects  the  landform 
contribution  to  the  potential  soil  loss 
calculation.  This  factor,  which  regulates 
the  potential  erosion  from  Sn  exposed  area, 
is  derived  from  slope  steepness,  slope 
length  and  aspect  which  are  directly 
obtained  from  a  Digital  Elevation  Model 
(DEM) . 

Keywords:  Soil  Erosion,  Catchment  Basins, 

Digital  Elevation  Model,  Hydrology 


1.  INTRODUCTION 

Soil  losses  by  erosion  are  both  economrcaily 
and  environmentally  costly.  They  represent 
the  loss  of  arable  soils  and  nutrients,  as 
well  as  the  pollution  of  watercourses  ana 
la)ces  by  suspended  or  dissolved  matter, 
especially,  nitrogen,  phosphorus  and  many 
toxic  chemical  and  biological  constituents. 
It  was  reported  (Snell,  .’.984)  that:  "A 
recent  study  conservatively  estimates  annual 
erosion  costs  ir.  Ontario  attributable  only 
to  yield,  nutrient  and  pesticides  losses  to 
be  $68  million...  at.  current  rates  of  soil 
loss,  all  of  the  topsoil  on  soybean  and 
corn-growing  land  in  south-western  Ontario 
will  be  gone  in  40  to  60  years." 

Cihlar  (1987)  reported  that  soil  erosion  is 
becoming  increasingly  significant  in  the 
maintenance  of  crop  productivity  in  Canada 
and  is  now  considered  to  be  a  national 
problem  for  this  and  future  generations.  He 
added  that  the  location,  extend  and  rate  of 
erosion  must  be  determined  before 
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implementing  erosion  control  programs  in  an 
attempt  to  maintain  soil  erosion  rates 
within  tolerable  limits. 

The  commonly  used  method  to  compute  soil 
erosion  is  described  in  the  manual  cited 
above  (Snell,  1984).  The  method  is  wliolly 
manual,  input  data  are  graphically  extracted 
from  existing  topographic  and  thematic  maps, 
and  output  data  are  qualitative  thematic 
maps.  T):ese  outputs  can  help  a  decision- 
ma)cer  talte  appropriate  remedial  measures  at 
the  regional  level,  but  do  not  allow  the 
quantification  of  sediment  volumes  reaching 
streams  or  the  location  of  most  water 
quality  problems.  The  labour  cost  of 
mapping  by  this  method,  including  production 
of  three  maps  ,  was  estimated  to  be 
$0.12  (1982)  per  hectare.  However,  the 
erosion  proce.ss  is  highly  dynamic  and  needs 
periodic  it  not  continuous  monitoring. 

Developing  from  this  classical  method,  new 
advances  have  been  made.  Cilhar  (1987) 
described  a  methodology  which  integrates 
info-tmation  derived  from  satellite  .Imagery 
and  aerial  photographs  to  map  and  monitor 
soi  1  erosj  on  by  vater . 

Recently,  Horler  Infotmation  has  developped 
a  methodology  .(or  the  automatic  delineation 
of  catchment  basits  from  DEM  and  calculation 
of  the  topographic  factor,  LS.  The 
development  of  the  software  tools  has  been 
completed  and  the  process  tested  using  DSMs 
provided  by  the  Canada  Centre  for  Remote 
Sensing  (CCRS)  for  test  areas  in  Oxford 
County,  Ontario,  and  near  Shcrboo)ce,  Quebec. 

This  paper  gives  a  summary  description  of 
the  software  and  illustrates  its 
functionality  with  a  concise  example. 


2.  MODEL  DESCRIPTION 

The  process  modelled  by  the  system  is  to 
rind  that  part  of  a  watershed  basin  that 
acts  as  catchment  for  surface  water  draining 
to  any  defined  point  on  the  map,  and  obtain 
topographic  parameters  required  by  the  USLE 
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for  each  pixel  of  this  area.  The  USLE  oives 
the  predicted  soil  loss  rate  as  a  function 
of  the  rainfall,  landform  topography,  soil 
cover  and  conservation  practices  (Wischmeier 
and  Smith  1965): 

A  =  R*K*CP*LS 

where  A  =  predicted  annual  soil  loss 
R  =  rainfall  and  snow  factor 
K  =  soil  erodibility  factor 
CP  =  control  practice  factor 
LS  =  topographic  factor. 

The  topographic  factor  is  calculated  from 
the  (Wishchmeier  and  Smith,  1965)  formula 

LS  =  (L/72.6)"'(  (430x2+30x+0.43)/6.613) 

where  L  =  slope  length  in  feet 

X  =  sin  6  (e  is  slope  angle), 
m  =  an  exponent  dependent  upon 

slope 

The  model  developed  consists  of  fourteen 
programs  assembled  in  three  groups. 

The  overall  flowchart  of  the  software  is 
shown  in  Figure  1. 


The  first  group  (Utilities)  contains  the 
modules  which  allow  the  user  to  manage  the 
required  data.  This  is  useful  because  it 
gives  the  user  the  ability  to  select  wor)ting 
zones  from  larger  areas,  to  simulate 
different  landforms  by  modifying  pixels 
values  or  to  chec)c  visually  areas  of 
interest. 

The  second  group  (Preprocessing)  includes 
the  modules  which  chec)c  and  correct  the 
source  DEM.  The  automatic  chec)cing  is  done 
only  on  local  one-cell  extrema  in  the  DEM. 
Correcting  involves  smoothing  the  DEM  by 
filtering  or  removing  one-cell  extrema  and 
replacing  them  by  the  median  value  of  their 
eigh’c  neighbours.  The  purpose  of  this 
process  is  to  remove  gross  errors  due  to 
lac)c  of  interpolation  of  the  DEM  generating 
algorithm.  The  menu  offers  a  combination  of 
filtering,  maxima  removing  and  minima 
removing. 

The  third  group  (Processing)  comprises  the 
modules  which  identify  flat  areas,  delineate 
ivatershed  catclunent  basins,  construct  the 
drainage  net  and  extract  topographic 
parameters  required  by  the  USLE  for  given 
samples  from  the  DEMs. 

The  programs  of  the  Preprocessing  and 
Processing  groups  are  pacl?aged  in  a  batch  or 
can  be  run  individually. 


3 .  APPLICATION 

The  model  was  applied  to  a  DEM  of  the  region 
of  Waterville,  Quebec,  located  in  the 
eastern  townships  approximately  15  Itm  south 
of  Sherbroolce.  Figure  2  illustates  the 
topography  of  the  study  area.  The  DEM  was 
produced  by  the  Gestalt  Photo  Mapper  from 
stereo  pairs  of  aerial  photographs  talcen  in 
1985  at  a  scale  of  1:50  000.  The  DEM  covers 
an  area  of  5  lun  x  5  1cm,  with  a  grid  size  of 
50  m. 

The  'area  under  study  is  physiographically 
part  of  the  Appalachian  highlands.  The 
Coaticoolc  river,  a  tributary  of  the 
Massawipi  river,  meanders  through  the  study 
area.  A  variety  of  relief  types  are 
present,  with  very  steep  slopes  bordering 
the  Coaticoolc  river  north  of  Waterville  and 
in  the  northwest  of  the  area,  moderate  to 
steep  slopes  in  the  northeast  and  southeast, 
and  a  fairly  flat  area  in  the  southwest.  A 
total  of  seven  sample  points  were  selected 
in  the  area  for  the  analysis.  Five  of  them 
are  located  along  the  river,  one  inside  the 
flat  area  and  one  at  a  summit  (Figure  2). 


4 .  METHODOLOGY 

The  DEM  was  first  cleaned  of  one-cell  pits 
and  one-cell  summits.  Cleaning  is  necessary 
in  order  to  avoid  the  generation  of  small 
watershed  basins  characterizing  local 
surface  runoff.  The  cleaning  was  performed 
using  the  "correct"  option  available  in  the 
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window  of  3  by  3  pixels  surrounding  them. 
The  resulting  DEM  was  then  filtered  by  a  3 
by  3  weighted  moving  mean  to  smooth  the 
local  relief. 

The  model  was  first  run  using  only  sample 
)tl,  which  is  located  at  the  lowest  point  of 
the  Coaticook  river.  A  very  narrow  basin 
was  produced,  the  watershed  divide 
surrounding  the  Coaticook  river  and  its 
tributaries.  The  model  got  trapped  in  local 
relief  zones,  which  resulted  in  a  total 
basin  area  much  smaller  than  anticipated.  A 
glance  at  the  topographic  map  revealed  that 
rather  than  passing  through  the  gorge,  the 
model  was  stopped  by  the  gorge  between  the 
two  hills  labelled  A  and  B  on  Figure  2.  The 
aspect  file,  showing  the  direction  of  the 
surface  runoff,  had  a  few  cells  with  north 
to  south  flow  that  resultf  '  in  the 
misplacement  of  the  watershed  di.^de.  Local 
elevations  of  a  few  cells  resulted  in 
misalignment  of  the  flow  directions.  The 
aspect  file  was  edited  and  local  flow  paths 
were  interactively  modified.  Overall  and 
for  the  seven  samples  used  in  the  study,  the 
aspect  of  some  fifty  cells  (out  of  about  one 
million)  was  modified  to  better  represent 
the  large  scale  surface  runoff  process. 


5.  RESULTS  AND  DISCUSSION 


The  watershed  boundaries  produced  by  the 
system  are  illustrated  in  Figure  2.  The 


expected,  basin  Kl  has  the  largest  area, 
since  the  sample  point  is  located  at  the 
river's  outlet.  Basin  05  is  included  in  #4, 
and  #4  is  included  in  it  3,  etc — ,  the  order 
being  related  to  the  relative  location  of 
the  sample  points  along  the  Coaticook  river. 
The  basin  area  itl  correctly  passes  over  the 
top  of  hills  A,  B  and  C  (see  Figure  2). 
However,  the  overall  area  is  smaller  than 


one  would  expect  from  the  topographic  map. 
For  example,  the  watershed  divide  abruptly 
deviates  to  exclude  the  flat  area  where 
sample  it?  is  located.  Likewise  the  divide 
leaving  hill  C  branches  off  to  the  south 
rather  than  continuing  eastward.  A  possible 
reason  for  this  discrepancy  is  presented  in 
the  next  section.  Finally,  it  would  have 
been  interesting  to  see  if  two  sample  points 
located  in  different  streams  of  the  same 
order  would  have  generated  two  distinct 
watersheds  which  do  not  overlap. 
Unfortunately,  The  DEM  used  here  did  not 
include  a  river  network  for  verifying  that 
particular  situation. 
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Figure  3.  Changing  the  aspect  of  a  single 
cell 


The  results  obtained  here  indicate  that  both 
the  shape  and  the  size  of  drainage  areas  are 
very  sensitive  to  the  main  direction  of  the 
surface  runoff,  which  is  well  described  by 
the  aspect  of  a  cell.  The  aspect  is 
obtained  from  elevation  data  of  the 
neighbouring  cells.  Thus,  it  appears  that 
the  accuracy  and  the  scale  of  a  DEM  are 
important  factors  to  take  into  account  in 
automatically  delineating  watershed 
boundaries.  For  example,  a  DEM  which 
contains  gross  errors,  e.g.  one-cell 
extrema,  may  modify  the  pattern  of  the 
surface  runoff.  Also,  a  fine  resolution  DEM 
contains  small  scale  topographic  variations 
that  may  alter  the  location  of  the  watershed 
divide.  Consider  the  example  shown  in 
Figure  3. 

On  Figure  3,  the  aspect  of  each  cell  is 
represented  by  an  arrow  pointing  in  the 
direction  of  the  main  flow.  Changing  the 
aspect  of  a  single  cell  (shown  on  Figure  3 
(a)  and  3(b)  by  a  bold  arrow)  substantially 
modified  the  location  of  the  watershed 
divide.  Consequently,  great  care  should  be 
exercised  in  generating  a  DEM  and  selecting 
an  appropriate  DEM  scale  for  the  analysis. 
Coarse  grids  will  eliminate  local  relief 
effects  and  help  in  delineating  large 
watershed  systems.  Removing  local  extrema 
(one-cell  pits  and  one-cell  summits)  and 
smoothing  the  landforms  by  filtering  also 
help  in  obtaining  DEMs  suitable  for  further 
processing.  It  must  be  noted  that  that 
human  intervention  is  undoubtedly  required 
to  produce  acceptable  results.  DEMs 

pairs  of  aerial  photographs  or  from 
satellite  images  are  produced  with  a  minimum 
of  human  interpretation,  and  thus  are  more 
subject  to  ill-defined  local  points.  For 
example,  tree  canopy  elevations  may  be 
measured  rather  than  the  true  ground 
elevations,  causing  distortion  in  the  actual 
topography.  DEMs  generated  from  topographic 
maps  are  less  subject  to  those  errors,  since 
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the  generation  of  the  map  involved  the 
intervention  of  a  photo-interpreter,  and  a 
generalization  of  forms  is  introduced. 

In  addition  to  generating  basins  divides, 
the  software  system  also  generated  other 
end-products.  Among  them,  the  drainage 
netv;ork  and  the  topographic  factor  files  are 
worth  mentioning.  The  drainage  network  file 
gives  for  each  cell  the  number  of  cells 
draining  into  it.  The  drainage  network 
gives  an  overall  picture  of  the  preferential 
flow  paths  and  should  closely  correspond  to 
the  streamflow  network.  Figure  4  shows  a 
small  portion  of  the  flow  paths  produced 
from  the  drainage  network  file.  Numbers  are 
the  number  of  pixels  draining  into  that 
pixel  including  the  pixel  itself.  Zero  is 
assigned  to  pixels  which  are  outside  the 
watershed. 
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Figure  4.  A  small  portion  of  the  drainage 
network 

Overall,  the  oorrespondance  between  the 
actual  and  the  simulated  networks  is 
satisfactory,  but  a  discrepancy  exists  in 
the  southern  part  of  the  DEM.  This  was 
expected,  since  basin  »1  as  created  by  the 
model  does  not  include  all  of  the  Coaticook 
river. 

The  LS  factor  is  used  in  the  Universal  Soil 
Loss  Equation  (USLE)  for  the  calculation  of 
potential  erosion.  According  to  the  USLE, 
the  steeper  and  the  longer  the  slope,  the 
higher  the  potential  for  erosion,  assuming 
that  all  other  factors,  rainfall,  land 
cover,  soil  conservation  practices  and  soil 
types,  are  spatially  homogeneous.  The 
results  obtained  here  confirm  that  high  LS 
values  exist  in  the  steeper  portions  of  the 
study  area  (north  section)  and  lower  values 
in  areas  of  mild  topography.  Higher  values 
occurred  especially  along  the  Coaticook 
river,  because  of  the  presence  of  the  gorge. 
The  LS  file,  by  itself,  does  not  indicate 
the  severity  of  erosion,  but  gives  an 
appreciation  of  the  relative  importance  of 
the  topographic  factor  in  the  overall 
ero5,i.on  process.  Factors  such  as  the  ground 
cover  types  and  conditions  are  also 
important  in  estimating  the  erosion 
potential  of  an  area. 
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Figure  5.  Topographic  factor  (LS) 


On  figure  5,  the  LS  factor  is  expressed  in 
per  thousand.  The  software  takes  into 
account  the  definition  domain  of  the  USLE 
which  is  between  3  and  20  percent  for 
slopes,  and  up  to  120  m  for  slope  length;  -2 
and  -3  are  codes  which  indicate  different 
situations  which  do  not  meet  the  definition 
domain  and  stand  respectively  for  slope 
above  the  maximum  and  slope  below  the 
minimum  allowed 

The  approach  initiated  in  this  otudy  could 
be  further  expanded  to  include  other 
parameters  of  importance  in  the  erosion 
process.  An  obvious  area  of  further 
development  of  the  work  would  be  the 
development  of  a  soil  erosion  modelling 
package  using  the  present  software  as  a 
starting  point.  Other  applications  are  also 
envisaged,  including  pollutant  and  chemical 
transport,  geochemical  prospecting  and 
hydrological  modelling. 


ACKNOWLEDGEMENTS 


The  authors  thank  ."  '  '  hi  a 

Laurent,  both 
contributions  to  tnii. 
Information  acknowledges  . 
the  Unsolicited  Proposal! 
Department  of  Supply  and  Se, 
CCRS  and  by  the  Water  Resoi 
Environment  Canada. 


d  Dr  L.  St- 
for  their 
Horler 
'vided  by 
of  the 
anada,  by 
Branch  of 


6 .  REFERENCES 

1.  Cihlar,  J.,  "A  methodology  for  mapping 
and  monitoring  cropland  soil  erosion".  Can. 
J.  Soil  Sci.,  Vol.  67,  PP433-444,  1987. 

2.  Snell,  E.A,  "A  manual  for  regional 
targeting  of  agricultural  soil  erosion  and 
sediment  loading  to  streams".  Environment 
Canada,  Lands  Directorate,  Environmental 
CcnccrvHwlcn  Ssrvics#  ^orkin^  ps^^r  Not36^ 
1984. 


3.  Wisclimeier,  W.H.  and  Smith,  D.D., 
"Rainfall  erosion  losses  from  cropland  east 
of  the  Rocky  Mountains",  Agricultural 
Handbook  No. 282,  U.S.  Department  of 
Agriculture,  Washington,  D.C.,  1965 


1990 


API’t-ICATION  OF  REMOTELY  SENSED  AND  GEOGRAPHIC  INFORMATION  SYSTEM  DATA,  TO 
QUANTITATIVE  ASSESSMENT  OF  LANDSLIDE  DAMAGE. 


C  Al  Trotter,  P  R  Stephens,  N  A  Trustriim,  M  J  Page,  K  S  Carr  ttnti  R  C  De  Rose. 


Division  of  Land  and  Soil  Sciences 
Department  of  Scientific  and  Industrial  Research 
Private  Bog 
Palmerston  North 
NEW  ZEALAND 


ABSTRACT 

In  March  1988,  Cyclone  Bola  caused  severe  landslide 
damage  over  a  12,000  km"  area  of  the  North  Island  of 
New  Zealand  In  submitting  disaster  compensation 

claims,  landholders  were  required  to  estimate  the  amount 
of  landslide  damage  to  pasture.  'fins  damage  was  to 
bo  further  categorised  as  cither  temporary  or  permanent. 
As  part  of  the  compensation  programme,  an  independent 
damage  assessment  was  also  uitdertakon  for  more  than 
100  properties  throughout  the  region.  The  assessment 
obtained  total  bare  ground  area  from  classified 
panchromatic  SPOT  imagery.  However,  the  landslide 
soar  and  dobris-tail  components  (equating  to  long-term 
and  temporary  damage  to  pasture  respectively)  could  not 
be  resolved  on  the  basis  of  radiance  levels.  These 
components  were  instead  determined  for  representative 
landforms  in  the  region  by  a  combination  of  photo- 
intcrprctation  and  digitisation  classification,  of  1:5000 
scale  aerial  photographs.  An  estimate  of  the  average 
ratio  of  scar  to  debris- tail  area  for  an  individual  farm 
was  then  obtained  by  intersection  of  ti  regional  landform 
map  and  a  farm  boundary  overlay,  using  a  geographic 
information  system. 

Key  words:  remote  sensing,  SPOT,  image  processing, 
CIS,  landslides. 


INTRODUCTION 

In  March  1988,  Cyclone  Bola  caused  damage  in  excess 
of  $NZ120M  to  the  North  Islanc,  New  Zealand. 
Damage  to  the  north-east  of  the  No-th  Island  -  from 
East  Cape  to  Tutira  (see  Figure  1)  -  was  particularly 
severe.  In  this  region,  rainfalls  of  up  to  900  mm  were 
recorded  over  a  three  day  period,  resulting  in  widespread 
flooding  and  siltation  of  lowlands,  and  extensive  damage 
to  road  and  rail  transportation  systems.  .Much  of  the 
affected  hinterland  i»  pastorally  formed  lull  country, 
which  suffered  severe  landslide  erosion. 

Ill  providing  disasiei -lecoveiy  assistance  to  landowners, 
the  Government  sought  not  only  to  compensate  for  the 
direct  effects  of  the  damage  incurred,  but  also  to 
provide  some  compensation  for  loss  of  future  earnings 
foregone  as  a  result  of  such  damage.  For  hill  country 
landowners,  this  meant  that  an  important  component  of 
submitted  damage  claims  was  the  visual  estimation  of 
the  area  affected  by  landslides,  and  the  categorisation  of 
that  area  as  representing  either  long-term  or  temporary 


production  loss.  Temporary  damage  to  pasture  occurs  in 
those  areas  covereti  by  landslide  debris-tails,  with 
recovery  to  former  productivity  levels  generally  taaing 
place  within  1  to  .1  years.  Productivity  on  the 

landslide  scar  (source)  area,  however,  remains  severely 
depressed  over  a  much  longer  term,  often  of  more  than 
20  years  duration  (Lambert  ei  al..  198'l). 


Figure  1.  Locality  map  of  the  region  damaged  by 

Cyclone  Bola,  showing  coverage  of  SPOT  satellite  scenes 
and  location  of  farms  assessed  for  landslide  damage. 
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In  view  of  the  well-known  inaccuracies  in  visual 
estimation  of  landslide  area  by  inexperienced  observers 
(farmers),  some  100  properties  spread  throughout  the 
region  were  nominated  for  independent,  quantitative 

damage  assessment.  The  principal  purpose  of  this 

assessment  was  to  provide  data  for  overall  quality 

control  during  processing  of  damage  claims.  An 
important  secondary  issue  became  the  provision  of 
objective  data  in  those  instances  where  the  claims 
submitted  by  individual  landholders  appeared  to  be 
excessive.  It  must  be  emphasised  that  the  approach 
adopted  to  providing  quantitative  damage  data  was 
strongly  constrained  by  the  requirement  that  damage 

claims  be  processed  rapidly.  This  meant  that  use  had 
to  be  made  either  of  data  that  could  be  obtained 
readily,  or  of  data  that  was  already  in  existence  - 
pre-disaster  data  that  could  be  correlated  with  the 
post-disaster  situation. 


AN  APPROACH  TO  DAMAGE  ASSESSMENT 

The  landslide  damage  information  required  by  those 
responsible  for  administering  compensation  payments  was 
the  amount  of  both  temporary  and  long-term  pasture 
damage,  on  a  farm-by-farm  basis.  Compensation  was 
to  be  paid  only  for  the  damage  due  to  Cyclone  Bola. 
That  is,  any  damage  assessment  scheme  using  remotely 
sensed  data  had  to  take  account  of  the  relatively  high 
levels  of  historical  landslide  damage  existing  in  some 
parts  of  the  region.  A  block  diagram  of  the  approach 
taken  to  deliver  the  required  information  is  shown  in 
Figure  2.  Such  an  approach  requires  the  following 
information;  data  for  assessment  of  pre-  and  post-Bola 
landslide  extent,  farm  boundaries  for  delineation  of  the 
area  of  interest,  a  relationship  between  landform  type 
and  the  ratio  of  landslide  soar  to  debris-tail  area,  and  a 
landform  map  of  the  affected  region. 


coverage  of  the  relatively  large  area  involved  (about 
12,000  km^)  -  a  factor  made  even  more  important  by 
the  restricted  amount  of  time  available  for  obtaining 
coverage  of  the  area,  prior  to  low  winter  sun  angles 
making  acquisition  of  useful  imagery  impossible.  Other 
important  features  of  SPOT  included  the  on-board  tape 
recorder  (which  compensated  for  New  Zealand's  lack  of 
an  earth  resource  satellite  receiving  station),  and  the 
across-track  viewing  capability  of  the  sensors  (which 
increased  the  probability  of  timely  information  being 
obtained).  The  potential  of  SPOT  imagery  for  use  in 
landslide  damage  assessment  had  been  established  in  a 
previous  investigation  (Beilis  et  al.,  1987). 

The  coverage  of  SPOT  scenes  used  for  assessing  landslide 
damage  is  depicted  in  Figure  1,  with  details  of  the 
individual  scenes  given  in  Table  1.  Pre-Bola  damage 
was  assessed  using  multispectral  SPOT  scenes  acquired  in 
1986,  which  although  not  covering  all  of  the  region,  did 
include  the  area  subject  to  the  most  serious  landsUding 
in  the  decade  prior  to  Bola.  This  was  the  area  south¬ 
west  of  Gisborne,  which  suffered  widespread  landsliding 
in  July  1985.  While  the  1986  SPOT  scenes  were  not 
acquired  for  the  purpose  of  landslide  mapping,  and  were 
thus  not  at  the  higher  10  m  spatial  resolution,  the 
larger  landslides  that  occurred  in  the  1985  storm  were 
discernible  on  this  imagery. 


Date 

No,  of 
scenes 

Spatial 

resolution 

Look  angle, 
direction 

Sun 

elevation 

Pre-Bola: 

18  Mar  86 

3 

20  m 

1.8°,  W 

42° 

Post-Bola; 

26  Mar  88 

2 

10  m 

17.4°,  W 

38" 

26  Mar  88 

1 

10  m 

21.1°,  W 

37° 

5  Apr  88 

1 

10  m 

7.2°,  W 

37° 

SPOT 

imagery 

► 

Rectification. 

enhancement 

Form 

boundories 

Form  boundary 
overlay 

Aenai 

photogrophs 

► 

Scandebris  rotio 
versus  landform 

Land  resource 
Inventory 

Landform 

overlay 

) 


Farm  images 


Per  farm; 

-  bore  ground  oreo 

-  scanoebris  rotio 


Scar:debri3  ratio  map 


^  Imoge  processing  opsrotion 
P  OS  opt  ration 


Table  I.  SPOT  satellite  scenes  used  in  landslide 
damage  assessment. 


A  number  of  vertical  aerial  photographic  surveys  were 
also  used  to  assist  in  the  interpretation  and  classification 
of  the  SPOT  imagery.  These  included  1;25,000  scale 
panchromatic  photography  of  some  of  the  areas  more 
severely  affected  by  the  July  1985  landsliding  (acquired 
in  December  1985).  Also,  the  following  aerial 

photographs  were  acquired  during  March  and  April  1988; 
1:25,000  scale  panchromatic  coverage  of  areas  west  of 
Gisborne  and  Tolaga  Bay,  1;30,000  scale  natural  colour 
coverage  of  all  major  roads  and  selected  watersheds,  and 
1:15,000  scale  colour  infrared  coverage  of  Tutira  (see 
Figure  1  for  location  of  these  areas). 


Figure  2.  Block  diagram  of  the  approach  taken  to 
assess  landslide  damage  using  a  combination  of  remotely 
sensed  and  geographic  information  system  (GIS)  data. 


Digital  imagery  from  the  French  SPOT  satellite  was 
chosen  as  being  the  most  suitable  data  source  for  the 
assessment  of  landslide  areal  extent.  Although  storm 
damage  assessment  using  remote  sensing  from  aircraft 
was  well  established  in  New  Zealand  (Stephens  el  at., 
1981),  use  of  SPOT  data  possessed  a  number  of 
advantages  over  conventional  aerial  photography. 
Principal  among  these  was  the  ability  to  provide  rapid 


In  assessing  landslide  damage,  it  was  convenient  to 
extract  from  the  SPOT  scenes  those  sections  of  the 
image  that  related  to  the  individual  farm  properties  - 
termed  "farm  images'  in  Figure  2.  The  farm  boundary 
information  necessary  to  allow  this  extraction  was 
obtained  from  1:50,000  scale  cadastral  maps.  Most 
property  boundaries  were  digitised  directly  from  the 
maps  and  built  into  a  farm  boundary  coverage, 
registered  to  the  New  Zealand  Map  Grid.  The  system 
used  for  this  task  consisted  of  a  DEC  inicroVAX-II 
computer  running  the  Environmental  Systems  Research 
Institute  geographic  information  system  (GIS)  software 
ARC/INFO,  together  with  a  Summagraphics  digitiser  and 
Tektronix  display  station.  This  system  was  also  used 
to  rasterise  the  polygon  information  in  the  farm 
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boundary  coverage.  The  result  of  the  vector-to-rnster 
conversion  was  a  farm-mask  image,  which  could  then  be 
overlaid  onto,  and  digitally  intersected  with,  the 
(rectified)  SPOT  imagery  to  produce  the  individual  farm 
images. 

Earlier  experience  in  using  SPOT  imagery  had  indicated 
that  it  was  not  possible  to  resolve  the  landslide  scar 
and  debris-tail  components  on  the  basis  of  radiance 
levels.  However,  it  was  known  from  both  extensive 
mopping  and  other  studies  of  erosion  in  the  Now  Zealand 
landscape,  that  different  landforms  exhibit  a  response  to 
storm  damage  that  is  primarily  a  function  of  the 
landform  components  lithoiogy,  slope-angle  and  vegetative 
cover  (Trustrum  and  Hawley,  1985;  Harmsworth  cl  al., 
1987)  Furthermore,  for  landsliding  on  posture-covered 
slopes,  it  had  long  been  observed  that  different 
iithology/siope-angle  groupings  appeared  to  exhibit 
landslides  with  different  ratios  of  scar  to  debris-tail 
area. 

Attempts  to  quantify  any  possibic  relationship  between 
landform  type  and  the  ratio  of  landslide  scar  to  dens 
area  had  not  previously  been  made,  due  primarily  to 
severe  rainstorms  foiling  to  impact  on  a  wide  range  of 
landforms.  Cyclone  ilola,  however,  delivered  high 
intensity  rain  to  ali  of  the  major  landforms  in  the 
region.  A  study  of  aerial  photographs  of  the  region 

confirmed  that  a  useful  relationship  between  the  ratio  of 
the  soar  to  debris-tail  area  and  landform  type  could  be 
derived  for  the  Bola  event.  (The  derivation  of  this 
relationship  is  discussed  later.) 

The  major  reason  for  seeking  to  establish  a  relationship 
between  the  ratio  of  soar  to  debris-tail  area  and 

landform  type  was  that  a  landform  coverage  of  the 
entire  cyclone-affected  region  already  existed. 
Intersection  of  the  farm  boundary  coverage  with  this 

information  allows  the  calculation  of  an  overage  ratio 
for  the  scar  to  debris-tail  area  for  individual  forms. 
The  landform  coverage  of  the  region,  in  both  map  and 
electronic  form,  is  part  of  the  1:63,360  scale  New 
Zealand  Land  Resource  Inventory  (Eyles,  1983). 
Although  not  ideal  for  farm-scale  studies,  the  errors 

induced  by  using  this  somewhat  small-scale  information 
were  not  expected  to  be  any  greater  than  those 
encountered  in  the  other  components  of  the  damage 
assessment  approach. 


CLASSIFICATION  OF  LANDSLIDES 

Processing  of  SPOT  images  was  undertaken  using  an 
ANTARES  image  display  unit  linked  to  a  DEC 
microVAX-n  computer,  together  with  EPIC  software 
(McDonnell  c(  al.,  1984).  SPOT  images  were  edge  and 
contrast  enhanced,  and  then  rectified  to  the  New 
Zeaiand  Map  Grid  using  an  unweighted  least  .-squares  fit 
to  a  third-order  polynomial  mapping.  Co-ordinates  of 
ground  control  points  were  provided  by  reference  to 
terrain  and  cultural  features  on  1.50,000  and  1:63,360 
topographic  maps. 

Once  rpctified,  the  po-regisiProH  .SPOT  and  farm-mask 
images  were  intersected  to  generate  the  digital  imsecs 
of  individual  farms.  The  intersection  process  consisted 
of  constructing  a  new  linage  according  to  the  following 
simple  algorithm:  if  a  pixel  in  the  farm-mask  image 
had  the  required  vaiue,  then  the  radiance  ievel  of  the 
corresponding  pixel  in  the  co-registered  SPOT  image  was 
written  to  the  new  image,  otlierwise  the  radiance  level 
of  the  pixel  in  the  new  image  was  set  to  zero. 


Classification  of  the  farm  images  was  not  always  a 
straightforward  task.  The  low  sun  elevation  at  the 
time  of  acquisition  of  the  1988  SPOT  imagery  (see 
Table  1)  caused  such  a  wide  range  of  hillslope  irradiance 
levels  that  the  radiance  levels  of  vegetation  and 
landslides  (bare  ground)  were  not  distinct  over  the  entire 
image.  However,  the  radiance  levels  of  landslides 
could  be  distinguished  from  vegetated  ground  on  land  of 
similar  slope-angle  and  aspect.  Even  so,  the  typical 

degree  of  topographic  variation,  within  the  area  covered 
by  an  individual  farm  image,  meant  that  it  was 
necessary  to  classify  the  image  os  a  series  of  small 
areas  of  interest,  essentially  at  the  hillslope  scale.  A 
similar  approach  was  also  necessary  when  classifying  tlie 
1986  SPOT  imagery,  although  the  higher  sun  elevation  at 
the  time  of  image  acquisition  resuited  in  iess  overlap 
between  landslide  and  pasture  radiance  levels,  on  all 
hillslopcs. 

Classification  and  analysis  of  the  individual  farm  images 
was  undertaken  using  Media  Cybernetics  IMAGE-PRO 
software  operating  on  a  10  MHz,  IBM  compatible  PC-AT, 
together  with  a  MATROX  MVP-AT  image  processing 
board.  As  the  IMAGE-PRO/ PC  system  required  images 
of  only  512  by  480  pixels,  the  farm  images  were  first 
split  into  sub-images  of  this  size  -  and  written  to  PC 
compatibic  files  -  using  the  EPIC/microVAX  system,  and 
then  transferred  to  the  PC  via  a  serial  line. 
Compared  to  the  microVAX-based  system,  the  PC-based 
system  allowed  a  greater  degree  of  flexibility  in  the 
interactive  classification  of  the  form  images,  a  feature 
that  was  essential  to  the  efficient  liillslope-scale 
clossificntion  of  these  images.  The  splitting  of  the 

processing,  rectification  and  classification,  analysis  tasks 
between  two  computer  systems  also  had  the  advantage 
of  increasing  the  overall  throughput  of  forms  assessed 
for  domage. 

A  combination  of  interactive  parallelepiped  classification, 
and  visual  interpretation  of  the  computer-displayed  farm 
images,  was  used  to  determine  landsiide  area.  On  well 
illuminated  slopes,  classification  of  landslides  was 
achieved  fairly  readily.  However,  in  broken  terrain,  the 
presence  of  poorly  illuminated  slopes  made  classification 
more  difficult,  and  under  these  circumstances  accurate 
classification  required  that  analysts  had  good  ground 
truth  for  the  areas  being  classified  -  from  either  field 
observation  or  well-exposed  aerial  photographs. 

An  assessment  of  the  error  in  the  derived  landslide  area 
was  made  by  comparing  the  landsiide  damage  apparent 
on  well-exposed  -  enlarged  and  contact  -  aerial 
photographs,  with  classified  farm  images.  The 

classified  farm  images  were  visually  checked  on  a 
landslide-by-landslide  basis  against  the  aerial  photographs, 
and  in  some  cases  the  aerial  photographs  were 
themselves  also  digitised  and  classified  by  an  independent 
analyst.  As  a  result  of  this  process,  the  error  in  the 
landslide  area  was  assigned  a  value  of  20%  when  oFOT 
data  was  classified  without  reference  to  sorr.u  form  of 
ground  truth,  or  5%  when  ground  truth  was  available. 
This  5%  error  component  arose  largel.v  from  variation  in 
the  ability  of  analysts  both  to  precisely  classify 
landslides,  and  to  differentiate  between  landslides  and 
highly  reflective,  vegetated  ridgr  and  spurs.  There 
were  6  analysts  involved  in  the  damage  assessment,  and 
to  reduce  variation  due  to  .nalyst  interpretation,  all 
classified  farm  images  were  checked  by  one  other 
analyst. 

In  one  situation  the  er-r.  limits  determined  above  were 
not  appropriate.  This  wis  in  the  case  of  farms  which 
had  suffered  only  a  small  amount  of  landsliding,  at  a 
large  number  of  sites  -  wiih  damage  totalling  perhaps 
just  l%-2%  of  the  farm  area.  In  such  a  circumstance. 
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the  spatial  resolution  of  the  SPOT  in.agery  became  the 
limiting  factor,  with  considerable  over-classification 
tending  to  occur.  For  this  reason,  the  minimum 
damage  assessment  error  was  set  at  1%  of  the  total 
farm  area. 

Although  the  errors  involved  in  the  quantitative 
.assessment  of  landslide  damage  are  appreciable,  they  are 
quite  acceptable  when  judged  against  the  figures  for 
damage  that  appear  in  farmers’  claims.  A  comparison 
between  SPOT-derived  and  visually  assessed  landslide 
damage  is  presented  in  Figure  3.  On  average,  the 
landslide  damage  claimed  by  landowners,  per  farm,  was 
3.7  times  that  delected  on  the  SPOT  imagery.  Only 
one  tenth  of  the  claims  were  for  damage  that  equated 
to  that  detected  on  the  SPOT  imagery  -  with  no  claims 
being  for  damage  that  was  significantly  less  than  the 
SPOT-derived  value.  This  result  emphasises  the 

difficulties  that  claimants  had  in  providing  accurate 
visual  assessments  of  damage. 


Ratio  of  claimed  damage  to  SPOT-derived  damage 


Land  Resource  Inventory,  and  categorised  as  belonging  to 
1  of  3  rainfall  classes  (<400  mm,  400-600  mm,  >600 
mm),  and  I  of  2  hillslope-angle  classes  (2l"-25“,  26”-35‘’). 
The  landslide  scar  and  debris-tail  components  were 
separated  by  photo-interprctalion  of  stereo  pairs,  printed 
at  a  scale  of  1:5,000.  Transparent  sheets  laid  over  the 
photographs  were  manually  shaded  in  different  colours 
for  the  scar  and  debris-tails,  digitised  and  classified  to 
yield  ratios  of  scar  to  debris-tail  area. 

An  analysis  of  1150  landslides  was  completed,  resulting 
in  the  data  presented  in  Table  2.  The  most  surprising 
aspects  of  the  analysis  were  the  apparent  lack  of  any 
systematic  varialioa  in  the  ratio  of  scar  to  debris-tail 
area  in  response  to  rainfall,  and  the  failure  of  slope- 
angle  to  appear  as  a  important  factor  on  other  than  the 
jointed  mudstone  lithology.  For  example,  in  the  >600 
mm  rainfall  class,  volcanic  ashes  showed  ratios  of  scar 
to  debris-tail  area  of  32:68  and  31:69  for  the  two  slope- 
angle  classes.  At  constant  slope  angle,  jointed 

mudstones  exhibited  ratios  of  20:80  and  22:78  in  moving 
between  rainfall  classes  of  <400  mm  and  >600  mm. 
While  the  study  was  not  exhaustive  -  the  available  time 
and  photography  preventing  an  analysis  of  a  complete 
lithology/slope-angle/rainfall  matrix  -  the  results  given  in 
Table  2  appear  to  be  accurate  to  within  15%.  This 
error  figure  readily  covers  the  variation  seen  in  the 
ratios  of  scar  to  debris- tail  area,  for  any  given 
lithology/slope-anglo  grouping. 


Lithology/slope- 
anglc  group 

Siltstones 
Jointed  mudstones 
Steep,  Jointed  mudstones 
Volcanic  ashes 
Sandy  siltstones 
Sandstones 


Ratio  of  Scar  to 
debris- tail  area 

20:80 

20:80 

25:75 

30:70 

35:65 

40:60 


Tabic  2.  Derived  relationship  between  lilhology/slope- 
Flgure  3.  Comparison  of  landslide  damage  angle  groupings  and  the  ratio  of  the  landslide  scar  to 

determined  from  analysis  of  SPOT  digital  data  with  debris-tail  area, 

damage  as  claimed  by  landholders. 


LANDSLIDE  SCAR  AND  DEBRIS-TAIL  COMPONENTS 

Classification  of  SPOT  imagery  gave  a  figure  for 
landslide  areal  extent,  on  a  farm-by-farm  basis. 
However,  as  expected,  radiance  levels  were  such  that 
the  landslide  scar  and  debris-tail  components  could  not 
be  separately  classified.  Instead,  these  components 
were  estimated  using  an  approach  that  relied  on 

correlating  the  ratio  of  scar  to  debris-tail  area,  to  the 
Ir.ndform  components  lithology  and  slope-angle.  An 
examination  of  aerial  photographs  taken  immediately 

after  Cyclone  Bola  indicated  that  such  a  correlation  was 
likely  to  exist.  The  advantage  of  this  approach  was 

thr.t  if  a  reliable  correlation  could  be  found  from  case 
s?.,diC3  of  damage  to  common  landform  units,  the" 
e.'tisting  regional  landform  data  could  be  used  to 
e"*”"r-.^l«to  the  results  to  the  entire  cyclone  affected 

region. 

The  3  variables  thought  to  exert  the  dominating  effect 

on  debris-tail  area  for  a  given  amount  of  scar  material 
were  lithology,  the  angle  of  the  hilislope,  and  rainfall. 
Landslide  sites  were  selected  from  the  natural  colour 
and  colour-infrared  aerial  surveys  mentioned  earlier. 
Site  lithology  was  determined  from  the  New  Zealand 


Having  established  the  above  relationship,  the  CIS  was 
used  to  create  a  map  of  the  region  keyed  to  the  ratio 
of  scar  to  debris-tail  area,  using  the  landform 
information  in  the  New  Zealand  Land  Resource  Inventory 
as  base  data.  Farm  boundary  data  were  then  digitally 
intersected  with  this  map  to  provide  an  estimate  of  the 
average  figure  for  the  permanent  and  temporary  pasture 
damage  components,  for  particular  farms. 


CONCLUSIONS 

Analysis  of  panchromatic  SPOT  imagery,  of  an  area 
which  suffered  extensive  cyclone  dan'age,  indicates  that 
aoielliio  data  ran  ha  surcrssfully  used  to  provide  a 
timely,  quantitative  assessment  of  landslide  damage,  at 
the  individual  farm  scale.  A  comparison  of  the 
amount  of  landslide  damage  as  determined  from  SPOT 
imagery,  with  visual  estimates  submitted  by  damage 
claimants,  shows  that  most  claimants  over-estimated  the 
amount  of  damage  present.  Of  the  100  farms 

analysed,  only  10%  of  claims  were  consistent  with  the 
SPOT-determined  damage  figure.  On  average,  the 
landslide  damage  claimed  was  3.7  times  that  delected  on 
the  SPOT  imagery. 


The  principal  difficulty  encountered  in  the  030  of  SPOT 
imagery  for  damage  assessment  was  image  mis- 
classification,  resulting  from  the  high  degree  of  variation 
in  radiance  from  landslides  on  steep  slopes,  exacerbated 
by  the  low  sun  angle  at  the  time  of  image  acquisition. 
Analysis  of  the  extent  of  mis-classificntion  places  the 
landslide  damage  data  as  being  accurate  to  'iOTc.  The 
provision  of  damage  assessment  data  at  tins  level  of 
accuracy  can  be  seen  as  satisfactory  when  judged  against 
the  damage  claims  submitted  by  landowners.  Given  tlie 
discrepancy  between  actual  and  claimed  damage,  it  is 
probable  that  more  rapid  damage  assessment  techniques 
can  be  developed  which  will  considerably  speed  up  the 
processing  of  damage  claims  while  meeting  a  reduced, 
but  still  acceptable,  accuracy. 

Landslide  scar  and  dcbris-tail  components  were  not  able 
to  be  separated  in  SPOT  imagery,  on  the  basis  of 
radiance  levels.  These  components  were  instead 

estimated  from  a  derived  relationship  between  the  ratio 
of  the  landslide  scar  to  debris-tail  area,  and  handform. 
Analysis  to  date  suggests  that  this  relationship  is  a 
function  only  of  landform  lithology  and  slope-angle,  and 
is  insensitive  to  rainfall  intensity.  This  is  potentially  a 
very  useful  relationship  for  use  in  storm  damage 
assessments,  given  that  landform  and  slope-angle 
information  often  already  exist  for  affected  regions. 
Further  investigation  is  required  to  ensure  that  the 
relationship  remains  .'•ainfall  independent  over  all 
components  of  the  hthology/slope-anglc'rainfall  matrix. 
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ABSTRACT 

NOAA/AVHRR  (Advanced  Very  High  Resolution  Radiometer)  data  has  been  used  to  assist  in  the 
yearly  management  of  range  and  pasture  lands  in  Saskatchewan.  The  paper  looks  at  optimising 
carrying  capacity,  maximize  sustained  productivity,  and  identifies  range  readiness  (when  is 
the  range  ready  for  cattle  in  the  spring  and  the  season  ended  in  the  fall)  on  a  province-wide 
basis. 

A  method  has  been  developed  for  monitoring  drought  and  grassland  conditions  using  NOAA 
satellite  data.  NOAA  imagery  from  weekly  1988  data  and  July  or  August  of  1985,  1986  and  1987 
were  geometrically  corrected  and  images  produced  for  digital  analysis.  Cibachrome  photographs 
were  produced  from  the  computer  enhanced  imagery.  Actual  forage  crop  yield  data  were  used  to 
produce  a  production  map  and  compared  to  maps  obtained  from  NOAA  data.  Results  indicated  that 
boundaries  obtained  from  NOAA  data  compared  favorably  with  those  obtained  from  actual  yield 
estimate. 

Weekly  composite  satellite  images  were  obtained  in  1987  and  1988.  The  1987  data  was  used 
as  a  comparison  (as  a  per  cent  of  1987).  Range  readiness  and  conditions  were  provided  for 
pasture  managers  and  ranchers  on  a  weekly  basis.  Training  seminars  were  provided  to  inter¬ 
ested  range  managers. 

INTRODUCTION 

Pro.iect  Objective:  To  provide  a  means  of  using  Satellite  data  to  assist  in  the  yearly 
management  of  range  and  pasture  lands  in  Saskatchewan.  The  potential  benefits  of  the  project 
will  include  methods  to: 

(1)  Optimize  carrying  capacity  of  Saskatchewan  rangeland. 

(2)  Reduce  damage  caused  by  over  grazing. 

(3)  Help  maximize  sustained  productivity. 

(4)  Provide  a  method  that  pasture  managers  and  ranchers  can  use  to  assist  in  managing  pasture 
areas  on  a  long  term  basis. 

Background  and  Rationale:  The  grazing  and  hay  lands  of  Saskatchewan,  a  Province  in  Western 
Canada,  extend  from  the  wide  open  short  grass  prairie  of  the  south  to  the  northern  rough-land 
bush  pastures  of  the  Aspen  Parkland  (Pooulus  tremuloide’sl .  These  areas  total  7,853,000  ha. 

This  study  is  part  of  a  continuing  effort  directed  towards  the  development  of  operational 
remote  sensing  analysis  techniques  for  the  estimation  of  grazing  conditions  in  both  native  and 
seeded  pastures  in  Saskatchewan. 

Multi -spectral  remotely  sensed  data  from  satellites  has  proven  useful  in  assessing  crop 
vigour.  In  most  cases,  where  drought  assessment  or  monitoring  was  required,  large  land  areas  : 

were  involved  and  high  temporal  resolution  was  preferred.  AVHRR  data  from  the  NOAA  series  of  ! 

satellites,  with  two  passes  per  day  over  the  critical  areas,  low  spatial  resolution  at  1  kffl‘  i 

for  large  area  coverage  and  two  channels  appropriate  for  vegetation  analysis  was  found  to  meet  . 

these  needs.  j 

Major  species  within  the  northern  areas  are  bromegrass  (Bromus  inermis).  intermediate  ; 

wheatgrass  (Agroovron  intermedium) .  creeping  red  fescue  (Festuca  rubral .  Kentucky  bluegrass 

(Pga  oratensisl .  alfalfa  (Hedicago  satival  and  young  aspen  and  balsam  poplar  (Pooulus  : 

bsl  f prs ) ,  ' 

Native  vegetation  on  Mixed  Prairie  zone  is  composed  of  mixtures  of  western  wheatgrass 
(Agroovron  smithii) ,  northern  wheatgrass  (A^  ■ 

dasvstachvum) ■  blue  grass  (bouteloua  gracilis),  and  sagebrush  (Artemisia  canal.  i 

improvement  has  included  breaking  and  reseeding  to  wheatgrass,  Russian  wildrye  (Elvmus  1 

iunceus) ■  crested  wheatgrass  (Agrovron  cristatum)  and  alfalfa  (Medicago  sativa).  i 

Intera  Ltd.  assessed  tlie  possibility  of  using  satellite  data  some  6  years  ago  in  ( 

Alberta’s  short  grass  prairie.  This  company  with  a  contract  from  D.  McCartney,  Canada  Depart¬ 
ment  of  Agriculture  (CDA),  Mel  fort  Research  Station,  conducted  additional  studies  in  an  effort 


to  transfer  this  technology  to  the  mixed  grass  area  of  Saskatchewan.  Both  projects  used  the 
weight-estimates-by-plot  calibration  method.  The  Alberta  study  was  reasonably  successful  in 
Alberta  and  was  adopted  by  private  and  provincial  range  managers. 

Another  recent  study  conducted  at  the  Saskatchewan  Research  Council  (SRC)  developed 
techniques  using  NOAA  data  to  determine  and  delineate  drought  in  Saskatchewan. 

The  Saskatchewan  Research  Council  (SRC)  recently  completed  a  study  for  the  Mel  fort  Re¬ 
search  Station.  A  new  method  was  developed  to  demonstrate  the  assessment  of  range  condition, 
carry-over  and  overgrazing  using  satellite  information.  The  photographs  provided  by  the  new 
method  are  superior  to  those  presently  available  from  either  the  Alberta  Centre  for  Remote 
Sensing  or  the  Canada  Centre  for  Remote  Sensing. In  general  these  photographs  provided  an 
assessment  of  high  and  low  carrying  capacity  but  we  still  require  a  link  between  the 
photograph  and  what  the  rangeland  manager  needs.  Results  of  the  recent  study  for  CDA  also 
pointed  out  the  need  to  treat  at  both  the  low  and  high  end  of  the  biomass  range  separately 
rather  than  a  more  general  analysis  in  order  to  produce  the  most  sensitive  enhancements  for 
individual  pastures. 

Guidelines  for  pasture  management  are  required  if  a  province  wide  methodology  is  to  be 
provided  to  rangeland  managers.  SRC  therefore  proposes  to  continue  to  obtain  detailed  cali¬ 
bration  at  both  Pathlow  and  McCranney  Pastures  in  order  to  provide  a  method  to  address  the 
problem  of  year-to-year  variation.  Existing  data  sets  were  collected  from  some  ten  percent  of 
pasture  in  the  province  for  coarse  verification. 

Project  nescriotion:  The  specific  objectives  of  the  proposal  project  are: 

1)  Obtain  weekly  satellite  images  of  agriculture  areas  of  Saskatchewan  for  the  1988  growing 
season. 

2)  Using  previously  developed  techniques  process  the  images  to  provide  a  weekly  photo  of 
forage  growth  in  Saskatchewan. 

3)  Ground  check  satellite  data. 

4)  Using  satellite  data  from  previous  years  ie.  drought,  wet  and  normal,  construct  a  map 
which  identifies  areas  of  low,  normal  and  high  yield. 

5)  Provide  and  interpret  information  on  range  readiness,  conditions  and  moisture  levels  for 
pasture  managers  and  ranchers. 

6)  To  provide  an  information  seminar  to  interested  range  managers. 

7)  To  provide  the  framework  for  additional  research  for  the  development  of  more  detailed 
satellite  information. 

METHODOLOGY 

Computer  compatible  tapes  of  NOAA  AVHRR  data  were  obtained  for  June  to  August  of  1983  to 
1987  and  April  15  to  October  15,  1988.  The  data  was  normalized  by  applying  a  quadratic  cor¬ 
rection  curve  to  the  data  using  the  minimum  radiance  (clear  water  at  nadir)  and  the  brightest 
radiance  values  such  as  clouds.  Normalized  data  from  the  visual  and  infrared  channels  were 
rationed  to  form  a  Normalized  Difference  Vegetation  Indices  (i.e.  350  x  [Channel  2-l]/[Channel 
2+1])  for  specific  region  of  the  province.  An  agricultural  district  boundary  map  was  overlain 
on  the  NOAA  data. 

Digital  image  analysis  was  performed  on  a  OIPIX  computer  system.  The  daily  Normalized 
Difference  Vegetation  Index  (NOVI)  was  summarized  by  pixel  image  (representing  1  sq  km)  into  a 
weekly  composite  in  order  to  eliminate  cloud  cover.  The  maximum  daily  NDVI  for  each  pixel  was 
used  in  order  to  have  the  most  recent  data. 

The  Normalized  Difference  Vegetation  Index  for  each  week  was  then  contrast  stretched 
using  Oipix  Aries  II  computer  software.  The  contrast  stretch  was  performed  on  the  bases  of  an 
equation.  This  equation  calculated  first  an  estimate  of  monthly  rainfall  and  from  that  the 
amount  of  forage  in  kg  ha**  (Smoliak  et  al.,  1976).  The  weekly  1988  data  was  divided  by  the 
maximum  forage  yield  in  1987  at  each  point.  Historical  yield  differences  for  specific  areas 
between  the  normal  and  dry  years  for  forage  were  used  to  derive  ratios. 

Range  readiness  was  calculated  by  plotting  the  NDVI  for  each  test  pasture  on  a  weekly 
basis.  The  threshold  NOVI  chosen  at  the  time  corresponding  to  the  average  date  on  which 
cattle  were  put  on  the  range  and  when  they  were  taken  off. 

The  yearly  data  for  15  years  (1965  -  1987)  was  compared  to  1987  for  calibration.  The 
agricultural  district  boundaries  and  rural  municipalities  were  digitized  and  used  to  extract 
an  average  NDVI  value  for  each  region. 

RESULTS 

Cibachrome  colour  prints  of  enhanced  AVHRR  imagery  were  produced  from  the  computer 
enhancements  to  visually  define  the  boundaries  of  the  areas  affected.  Colour  prints  of 
enhanced  imagery  were  provided  with  three  classes,  namely,  dry,  transitional  and  equal  to  or 
greater  tnan  1987  for  the  chosen  dates  in  1986. 

The  1985  imagery  showed  an  extensive  zone  of  drought  extending  from  the  southwest  towards 
the  northeast.  During  1986  and  1987,  these  same  drought  areas  supported  mainly  healthy  crops 
and  other  vegetation.  For  forage  the  spread  of  the  three  years  to  the  15  year  mean  was  larger 
with  a  greater  spread  at  the  higher  end. 

Analysis  of  the  NOAA  data  compared  to  the  ground  data  was  done  using  ratios  of  1985  to 
1987  and  1986  to  1987. 

For  1988,  the  NOAA  analysis  for  forage  showed  that  Saskatchewan  averaged  57J1  less  than 
normal  (Table  1). 


TABLE  1 


AREA  OF  THE  PROVINCE  AT  OR  BELOW 
LAST  YEAR  FOR  FORAGE  USING  SATELLITE  DATA 


r,  OF  1987 

AREA 

CUMULATED 

AREA 

% 

0-39 

_ 

40-49 

18.9 

18.9 

74728 

50-59 

6.5 

25.5 

25906 

60-69 

7.5 

33.0 

29616 

70-79 

8.1 

41.1 

32250 

80-89 

8.4 

49.6 

33238 

90-99 

7.4 

57.0 

29527 

>100 

4?. 9 

100.0 

Total 

10.0.0 

394605 

DISCUSSION 

Delineation  of  drought  boundaries  for  1988  using  AVHRR  data  were  obtained  by  both  visual 
and  digital  analysis.  Classification  of  the  province  Into  the  three  units  showed  the  southwest 

to  have  been  dry  In  1983,  1984,  1985  and  1988  due  to  lack  of  sufficient  soil  moisture  as 

Indicated  by  low  acreage  of  grain  crops.  Normally,  much  of  the  area  will  be  dominated  by 
native  pasture  and  hayland  which  remained  green  only  for  a  relatively  short  time  In  spring  and 
early  summer.  By  m1d  July,  much  of  the  pasture  grasses  were  matured  and  beginning  to  dry. 
During  1985,  this  dry  zone  was  much  more  extensive  to  the  northeast  and  affected  the  forage 
crop  growing  area.  In  1988,  the  forage  areas  did  not  green-up  until  the  June  30  rains  came 
and  the  temperature  drop. 

CONCLUSION 

The  study  deals  specifically  with  the  use  of  computer  assisted  enhancement  and  analysis 

of  NOAA  AVHRR  satellite  data  at  1  km  resolution  as  tools  for  the  development  of  hardcopy 

products  to  provide  definition  of  biomass  differences  within  grasslands  In  Saskatchewan. 

Special  emphasis  is  placed  on  the  development  of  techniques  which  can  be  used  to  digit¬ 
ally  enhance  NOAA  data  for  use  In  pasture  and  rangeland  management.  Drought  and  vegetation 
biomass  maps  are  produced  and  early  spring  and  late  fall  grazing  conditions  are  monitored  and 
related  to  nistorical  data  for  specific  areas  In  the  province. 
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Abstract 

The  purpose  of  this  paper  is  to  aiiess  the 
information  content  and  accuracy  of  Landsat  TM  digital 
images  in  land  cover  change  detection  in  the  Kitchener- 
Waterloo  area,  Ontario,  Canada.  Change  detection 
techniques  of  image  differencing,  principal  components 
analysis  and  tasseled  cap  transformation  were  applied  to 
yield  12  images.  These  images  were  thresholded 
according  to  the  highest  Kappa  coefficients  of  agreement. 
The  thresholded  images  were  checked  in  terms  of  the 
producer's  accuracies  of  specific  land  cover  changes.  The 
results  show  that  the  Kappa  coefficients  of  the  12  images 
range  from  32.2  -  63.2.  Different  images  do  detect 
different  types  of  changes.  Images  associated  with 
changes  in  the  near  infrared  reflectance  or  greenness 
detect  crop  type  changes  and  changes  between  vegetative 
and  non-vegetative  features.  Images  related  to  changes 
in  the  visible  reflectance  or  brightness  are  able  to  detect 
changes  due  to  rural  to  urban  land  conversion.  The  mid- 
infrared  bands  and  change  in  wetness  images  do  not 
provide  additional  information  about  land  cover  changes 
in  this  study  area. 

Keywords  :  TM,  change  detection.  Kappa  coefficient, 
producer's  accuracy 

Introduction 

Change  detection  is  a  major  application  of  remotely 
sensed  data.  With  a  repetitive  acquisition  of  imagery,  it  is 
possible  to  determine  the  types  and  extent  of  changes  in 
the  environment.  Many  digital  change  detection 
techniques  have  been  developed  for  this  purpose.  These 
include  image  overlay,  image  differencing,  image  ratloing, 
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classification  and  post-classification  comparison  (Jensen, 
1986).  Techniques  such  as  image  differencing,  image 
ratioing  and  principal  components  analysis  Involve 
transformations  of  the  original  spectral  bands  so  as  to 
enhance  the  land  cover  changes,  toller  studies  applying 
image  differencing  with  Landsat  MSS  data  showed  that 
the  red  band  is  useful  to  detect  urban  development  (Toll 


et  al.,  1980)  while  the  near  infrared  band  may  detect 
changes  within  agricultural  land  (Fung  &  LeDrew,  1987). 
Ingebritsen  &  Lyon  (1985)  indicated  that  principal 
components  generated  from  MSS  imagery  normally  yield 
two  components  accounting  for  change  in  brightness  and 
change  in  greenness. 

The  TM  imagery  provides  higher  resolution  data 
for  remote  sensing  studies.  Crist  and  Cicone  (1984) 
indicated  that  at  least  three  tasseled  cap  vectors,  namely 
brightness,  greenness  and  wetness,  are  inherent  in  the 
TM  data.  Wetness  is  especially  related  to  the  inclusion  of 
TM5  and  TM7,  the  mid-infrared  bands.  The  ability  of  new 
spectral  information  for  change  detection  is  yet  to  be 
tested. 

The  objective  of  this  paper  is  to  assess  the 
information  content  and  accuracy  of  digital  Landsat  TM 
imagery  for  land  cover  change  detection  in  the  Kitchener- 
Waterloo  area.  Change  related  images  are  generated  from 
techniques  of  image  differencing,  principal  components 
analysis  and  tasseled  cap  transformation.  A  thresholding 
technique  is  used  to  differentiate  change  from  no-change 
areas.  The  thresholded  images  are  subjected  to  accuracy 
assessment.  For  each  image,  the  producer's  accuracies  of 
different  land  cover  change  categories  are  computed  to 
assess  their  ability  to  detert  specific  changes. 

Study  Site  and  Data  Descfictioa 

The  study  area  consists  of  the  twin-cities  of 
Kitchener  and  Waterloo  in  southern  Ontario,  Canada.  The 
total  area  is  about  280  sq  km.  Two  Landsat-5  TM  images 
dated  August  3, 1985  and  July  21,  1986  of  Path  18,  Row 
30  are  available  for  the  analysis.  A  subarea  of  500  x  700 
pixels  was  extracted.  Both  images  were  radiometrically 
calibrated  and  converted  to  reflectance  values  to  alleviate 
any  differences  in  solar  elevation  (Markham  and  Barker, 
1986).  To  geometrically  register  the  two  images,  the  1986 
image  was  used  as  the  master  reference  image.  Twenty- 
nine  ground  control  points  were  identified  to  generate 
polynomials  for  resampling  based  on  a  nearest  neighbour 
resampling  routine.  The  standard  errors  were  below  0.2 
pixels  along  the  X-  and  Y-directions. 
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Major  land  cover  changes  are  associated  vith  the 
rapid  urban  development  of  the  cities,  especially  along 
the  western  fringe  of  the  cities.  Despite  a  difference  in 
only  one  year,  a  visual  interpretation  of  the  images 
depicts  that  significant  urban  development  is  found. 
There  are  other  changes  related  to  agricultural  (and  cover 
changes  in  the  surrounding  rural  landscape.  Ten  types  of 
changes  are  identified; 

( 1 )  change  from  corn  to  grain; 

(2)  change  from  corn  to  pasture; 

(3)  change  from  corn  to  bare  soil; 

(4)  change  from  pasture  to  grain; 

(5)  change  from  pasture  to  corn; 

(6)  change  from  bare  soil  to  grain; 

(7)  change  from  bare  soil  to  corn; 

(8)  change  from  bare  soil  to  pasture; 

(9)  change  from  construction  sites  to  residential  land 

(10)  change  from  agricultural  land  to  construction  sites. 
Categories  (1)  to  (8)  are  changes  in  the  agricultural  land 
whilst  (9)  and  (10)  are  related  to  urban  development  in 
this  area. 

A  stratified  systematic  unaligned  sampling  method 
was  used  to  generate  sample  sites  for  accuracy 
verification  purposes.  Each  sampie  consists  of  a  3  x  3 
block  of  pixels.  These  sample  pixels  were  verified  based 
on  a  field  study  performed  In  August  1986  as  well  as 
aerial  photographs. 

Methodology 


Three  change  detection  techniques  were  used  to 
generate  12  change  images.  Image  differencing  was  used 
to  subtract  the  1983  Images  from  the  1986  Images.  Six 
differenced  images  (DlTl,  D1T2.  DIT3.  D1T4.  D1T5  and 
DIT7)  were  yielded  for  each  of  the  TM  spectral  band 
(except  TM6). 

Fung  and  LeDrcw  (1987)  suggested  the  use  of 
standardized  principal  components  for  change  detection. 
Thus,  a  principal  components  rotation  was  carried  out 
based  on  the  merged  12  TM  bands.  The  third  (PC3),  fifth 
(PC5)  and  sixth  (PC6)  components  are  associated  with 
changes.  PC3  is  related  to  change  in  brightness.  PC3 
represents  change  in  near  infrared  reflectance  mainly. 
PC6  shows  changes  in  the  contrast  between  the  mid- 
infrared  bands  and  the  visible  bands  (Table  1). 

To  explore  the  inherent  spectral  data  structure  of 
TM  imagery,  a  multidate  tasseled  cap  rotation  was 
performed.  Tasseled  cap  coefficients  derived  by  (i-ist  and 
Cicone  (1984)  were  used  with  spectral  bands  of  different 
dates  assigned  to  opposite  signs.  The  vectors  were  then 
subjected  to  a  Gram-Schmidt  orthonormalization.  Three 
tasseled  cap  change  images  were  produced,  namely 
Cuauge  in  brightness  (aB),  change  in  greenness  (aG)  and 
change  in  wetness  (aW). 

Each  of  the  12  change  images  was  thresholded  to 
delineate  change  from  no-change  areas.  A  method  of 
generating  optimal  threshold  levels  for  change  detection 
suggested  by  Fung  and  LeDrew  (1988)  was  adopted.  An 
iterative  process  was  done  by  means  of  selecting 
threshold  values  ^\.  t  N  standard  deviation  from  the 


means.  In  the  first  iteration,  a  N  value  of  0.1  was  chosen. 
An  increment  of  0.1  was  added  in  each  subsequent 
iteration  until  the  value  reached  2.0.  For  each  iteration, 
an  error  matrix  together  with  its  kappa  coefficient  of 
agreement  and  overall  accuracy  were  computed.  The 
threshold  value  yielding  the  highest  kappa  coefficient 
was  chosen  as  the  optimal  threshold  levels  for  that 
particular  image.  Table  3  illustrates  the  levels  at  which 
the  12  images  were  thresholded  together  with  the 
corresponding  kappa  coefficients  and  overall  accuracies. 

The  thresholded  images  basically  contain  binary 
information,  change  and  no-change.  To  further  assess  the 
information  content  of  each  of  them,  the  producer's 
accuracy  for  the  10  land  cover  change  categories  are 
produced  (Table  4).  Producer's  accuracy  is  computed  as 
the  number  of  correctly  identified  samples  of  a  particular 
category  divided  by  the  total  number  of  reference 
samples  for  that  category. 

RgaulU  and  Discuaiioa 


For  the  differenced  TM  images,  the  three  visible 
bands  (DITl,  D1T2  and  DIT3)  provide  very  similar 
information.  They  are  effective  in  detecting  changes  due 
to  rural  to  urban  land  conversion.  The  producer's 
accuracies  of  change  from  agricultural  land  to 
construction  sites  for  these  three  images  are  over  85% 
(Table  4).  Change  from  construction  sites  to  residential 
land  is  over  80%  accurate  in  these  differenced  visible 
images  too.  However,  crop  type  changes  cannot  be 
accurately  detected.  With  the  highest  kappa  coefficient 
among  the  three,  it  can  be  judged  that  DIT3.  the  red 
band,  is  more  useful  for  change  detection  than  the  other 
spectral  bands  in  the  visible  spectrum. 

The  DIT4  (near  infrared)  image  detects  changes 
from  corn  to  bare  soil,  from  pasture  to  grain,  and  from 
bare  soil  to  pasture  accurately  (100%).  However,  it  is  not 
able  to  detect  all  the  crop  type  changes,  e.g.  the  accuracy 
of  changes  between  pasture  and  corn  is  less  than  80%.  It 
cannot  detect  the  change  from  bare  soil  to  grain  (19.73% 
accurate)  as  the  near  infrared  reflectance  of  mature  grain 
crops  and  bare  soil  are  both  low.  Changes  due  to  rural  to 
urban  land  conversion  are  also  not  enhanced  in  this 
image. 

The  two  differenced  mid-infrared  images  (DIT3 
and  DIT7)  do  not  provide  any  overwhelmingly  additional 
information  as  compared  to  the  visible  and  near  infrared 
bands.  While  they  can  detect  changes  involved  in  rural  to 
urban  land  conversion,  they  do  not  yield  higher 
producer's  accuracies  for  these  changes  as  compared  to 
the  visible  bands.  For  the  detection  of  crop  type  changes 
in  agricultural  land,  they  are  no  better  than  DIT4.  These 
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moisture  (Tucker.  1979).  But  in  terms  of  land  cover 
change  detection  in  the  study  area,  changes  in  the 
physical  content  of  objects  is  perhaps  more  significant 
than  changes  in  moisture  content. 

For  the  two  multispectrally  transformed  images 
related  to  change  in  brightness,  the  kappa  coefficient  of 
PC3  (33.9)  is  higher  than  that  of  aB  (46.8).  Both  images 
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have  producer’s  accuracies  exceeding  80%  for  rural  to 
urban  land  cover  changes.  PC3  has  a  higher  producer  s 
accuracy  (95.31%)  in  detecting  changes  from  agricultural 
land  to  construction  sites.  However,  aB  is  the  better  in 
detecting  changes  form  construction  sites  to  residential 
land  (91.67%).  They  can  detect  changes  from  corn  to  bare 
soil  accurately  as  well  (88.89-100%).  The  producer’s 
accuracies  for  changes  from  corn  to  grain  and  from  corn 
to  pasture  are  over  90%  for  AB.  but  PC3  cannot  detect 
these  changes. 

The  tasseled  cap  change  in  greenness  (aG) 
produces  the  highest  Kappa  coefficient  (63  2)  among  the 
12  images  and  is  able  to  detect  most  of  the  crop  type 
changes  and  vegetation  to  non-vegetation  changes  or  vice 
versa.  The  producer’s  accuracies  for  changes  from  corn  to 
bare  soil  and  from  bare  soil  to  pasture  are  100%. 
However,  changes  from  bare  soil  to  grain  cannot  be 
detected  as  the  mature  grain  crops  have  a  similar  low 
greenness  value  as  the  bare  soil.  The  producer's  accuracy 
for  change  from  bare  soil  to  corn  is  not  satisfactory 
(65.26%)  as  corn  may  not  grow  to  full  canopy  in  the  July 
season  in  1986.  Similar  to  DIT^,  it  does  not  account  for 
changes  among  non-vegetated  features  such  as  change 
from  construction  sites  to  residential  land  {44.44%). 

PC5.  an  image  related  to  change  in  near  infrared 
reflectance,  has  a  lower  Kappa  coefficient  than  aG  and 
DIT‘4.  Although  the  ability  to  detect  specific  changes  is 
very  similar  to  aG,  the  producer’s  accuracies  of  most 
categories  are  lower  than  those  of  aG. 

For  the  tasseled  cap  change  in  wetness  (aW)  image, 
the  producer’s  accuracies  for  changes  from  corn  to  bare 
soil,  from  pasture  to  grain,  and  from  bare  soil  to  pasture 
are  100%,  same  as  those  from  AG.  The  producer  accuracy 
of  change  from  corn  to  grain  is  85.19%.  However,  those  of 
the  other  changes  are  mediocre,  ranging  from  29.63%  to 
70.79%. 

PC6  is  not  effective  in  delecting  most  of  the 
changes.  It  has  the  lowest  Kappa  coefficient  among  the  12 
images  as  well.  Only  the  change  from  construction  sites  to 
residential  land  has  a  producer’s  accuracy  of  83.33%. 

Coaclusion 

On  the  whole,  although  D1T5,  DIT7  and  AW 
represent  new  spectral  dimensions  in  the  TM  data,  their 
information  on  land  cover  changes  is  no  better  than  those 
acquired  from  the  change  in  brightness,  change  in  visible 
or  change  in  greenness  images.  Most  of  the  land  cover 
changes  involve  changes  in  brightness  and  greenness 
mainly  and  thus  are  captured  by  the  first  two  tasseled 
cap  variables.  While  wetness  is  sensitive  to  moisture 
changes,  this  is  less  significant  in  this  study. 


Not  one  of  the  images  is  able  to  detect  all  types  of 
change.  Rural  to  urban  land  conversion  changes  can  be 
accurately  detected  by  the  change  in  brightness  (aB)  and 
change  in  red  reflectance  (DIT3)  images.  For  the  detection 
of  crop  type  changes,  the  tasseled  cap  change  in 
greenness  (aG)  provides  the  best  information.  The  change 
in  near  infrared  reflectance  image  (DlT'l)  can  also  detect 
crop  type  changes,  but  producer’s  accuracies  of  these 
change  categories  of  DIT4  are  lower  than  those  of  aG. 
Thus,  even  though  there  is  a  total  of  12  bands  in  a 
multidate  TM  data  set,  it  can  be  reduced  to  two  vectors 
(D1T3  and  D1T4,  or  aB  and  aG)  for  land  cover  change 
detection  in  the  study  area. 
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Table  1  The  Standardized  Principal  Components 


1983 


1986 


PC3 

-0.20 

-0.23 

-0.33 

026  -0.33  -0.33 

0.29 

0.30 

0.32  -0.11 

0  28 

0.33 

PC5 

-0.03 

-0.09 

-0.02 

-0.67  -0  23  -0.08 

0.13 

0.12 

-0.03  0.63 

0.18 

-0.03 

PC6 

•0.33 

-0,2ft 

-0,17 

-0.03 _ 0A3  0.22 

028 

0.34 

0.27  0.07 

-0.39 

-0,33 

Table  2  The  Tasseled  Cap  Variables 

1983 

1986 

Imases 

TMl 

TM2 

TM3 

TM4  TM3  TM7 

TMl 

TM2 

TM3  TM4 

TM3 

TM7 

AB 

0.21 

0.19 

0.3< 

0.39  0.36  0.13 

-021 

-0.19 

-0.34  -0.39 

•0.36 

-0.13 

AG 

-0.20 

-0.17 

-0.38 

0.31  0.06  -0.13 

0.20 

0.17 

0.38  -0.31 

-0.06 

0.13 

AS _ 

_ QiL. 

O.M 

0.23 

02d  -0.30  -0.32 

•0,11 . 

-0,li... 

-0.23-.  :(L2<  .. 

0.30 

_JL32 

Table  3  The  Optimal  Threshold  Levels,  Kappa  Coefficients  and  Overall  Accuracy  of  the  Images 


DlTl 

PIT2 

PIT3 

PlTd 

PIT3 

PIT? 

prf3 

PTi 

PGft 

AB 

AG 

AT 

Threshold  Levels 

1.4 

1.0 

0.9 

1.1 

1.1 

0.7 

0.8 

0.9 

0.8 

0.8 

0.8 

08 

Kappa  (x  100) 

33.7 

42.7 

37.3 

32.3 

46.9 

47.7 

33.9 

47.8 

322 

46.8 

63.2 

31.9 

OverallAccuracv 

76.7 

.m 

83.3 

82  2 

-Tift-.. 

78.6 

81.3 

78.8 

71,1 

_ZZi_ 

83.0 

Table  4 

The  Producer  s  Accuracy  of  Different  Land  Cover  Changes 

of  the  Thresholded  Enhanced  Images 

Land  Cover  Changes 

C 

C 

C 

P 

P 

BS 

L 
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ABSTRACT 

Neither  supervised  nor  unsupervised 
classification  was  successful  for  identifying 
gullies  and  gullied  areas.  Maps  of  dissected 
land  in  sample  areas  were  obtained  by 
applying  the  Laplaclan  convolution  function 
of  the  lAX  general  purpose  image  processing 
software  package  to  the  enhanced  Landsat 
Thematic  Mapper  digital  image,  band  3.  Noise 
within  vegetated  areas  was  eliminated  by 
using  the  vegetation  indices  image  as  a  mask. 
To  produce  a  r.ap  from  the  image  of  dissected 
lands,  the  image  was  smoothed  and  density 
slicing  was  applied  to  the  smoothed  image  to 
categorise  the  dissected  lands  into  five 
levels.  Gullies,  which  are  more  Important 
than  badlands  because  they  are  dissecting  the 
arable  lands,  can  be  brought  out  from 
Thematic  Mapper  digital  data  by  use  of  the 
Laplaclan  convolution  mask. 

I . 0  INTRODUCTION 

Active  gullies  not  only  dissect  the  land 
and  split  it  into  different  segments  by 
headward  erosion,  but  they  also  expand  the 
gully  width  by  pushing  back  the  flanks  of  the 
gully  into  adjacent  flat  lands.  The  other 
problem  of  gully  erosion  is  that  it  removes 
the  soil  down  to  alluvial  fans,  flood  plains 
and  finally  reservoirs. 

According  to  previous  studies  the 
following  phenomena  are  sources  of  sediment; 
badland,  gully,  sheet,  rill  and  bank  erosion, 
different  kinds  of  mass  movement  and  finally 
accelerated  erosion  in  arable  lands. 
(Disfani,  1  983;  SOGREAH,  1  973).  In  the 
SOGREAH  reports  (SOGREAH,  1973)  badland 
areas  have  been  considered  as  the  major 
sources  of  sediment,  but  in  fact  we  found 
both  active  and  inactive  gullies  on  aerial 
photographs  of  badlands.  SOGREAH  assumed  the 
same  spatial  erosion  rate  for  all  sorts  of 
gullies  within  completely  different 
physiographic  units.  We  reached  the 
conclusion  that  parts  of  the  gullied  areas 
are  old  and  inactive,  appearing  on  the 
photos  like  series  of  individual  domes,  while 
other  parts  are  still  active,  some  of  active 
gullies  following  and  re-excavating  the 


lines  of  old  gullies.  Therefore  not  only  does 
the  spatial  rate  of  erosion  differ  between 
badland  areas  in  different  physiographic 
units,  but  it  may  also  differ  within  a 
badland  area  according  to  the  state  of 
activity  of  the  gullies. 

The  study  area,  the  basin  of  the  Sefld  Rud 
reservoir.  Includes  mountainous  area  in  both 
the  Zagros  mountains  in  the  west  and  the 
Alborz  mountains  in  the  north  of  Iran.  The 
reservoir  was  constructed  to  generate 
hydroelectricity  and  supply  water  for 
irrigation,  but  it  has  gradually  failed  owing 
to  the  high  rate  of  siltation.  The  reservoir 
basin  with  an  area  of  57,000  Km2  is  situated 
in  a  semi  arid  region,  having  a  continental 
climate,  subjected  to  extreme  seasonal 
Variation  of  temperature  and  precipitation, 
as  well  as  uneven  spatial  distribution. 

The  problem  of  siltation  in  the  Sefid  Rud 
reservoir  and  the  loss  of  fertility  of  the 
land  within  a  basin  with  about  3  millions 
population  is  the  reason  for  the 
establishment  of  this  research  project  which 
uses  Thematic  Mapper  images  and  1:50,000  and 
1:20,000  black  and  white  aerial  photographs. 
The  aim  is  to  investigate  the  utility  of 
Landsat  Thematic  Mapper  digital  data  assisted 
by  computer  analysis  to  study  soil  erosion. 

2.0  BASIC  DATA  AND  EQUIPMENT 

Compared  with  Landsat  multispectral 
scanner  (MSS)  higher  spatial  and  wavelength 
resolution  of  the  Thematic  Mapper  (30m  in  6 
bands)  improved  the  possibility  of 
identifying  gullied  areas.  Multispectral 
SPOT  (20m)  and  panchromatic  SPOT  (10m)  images 
would  have  been  even  better  if  they  had 
existed  when  the  study  began.  In  this  study 
Landsat  Thematic  Mapper  digital  data  from 
July  1985  was  used  together  with  1:20,000  and 
1:50,000  black  and  white  aerial  photographs, 
1:50,000  and  1:250,000  topographic  maps  and 
the  1:250,000  geology  map. 

lAX,  the  general  purpose  image  processor 
software  package  on  the  IBM  3090  mainframe 
computer  of  Glasgow  University  was  used  for 
image  enhancement  and  filtering  techniques. 
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lAX  IS  an  interactive  image  processing  system 
for  the  professional  end  user.  It  can  be  used 
to  process  a  wide  variety  of  image  data 
including  binary,  grey  scale,  and  colour 
images.  lAX  is  an  acronym  for  Image 
Application  executor  (IBM,  1987).  In  lAX, 
number,  vector,  image,  and  character  string 
data  formats  are  manipulated.  It  is  a 
friendly  algebraic  image  processor:  data 
structures  in  these  formats  are  held  as 
variables  and  are  processed  by  simple 
expressions.  The  DIAD-32  software  package 
was  used  for  classification  purposes.  DIAD 
(Digital  Image  Analysis  and  Display)  runs 
under  the  MS/DOS  operating  system  on  an 
IBM-compatible  personal  computer. 

3.0  DETECTING  DISSECTED  LAND  BY  SPATIAL 
FILTERING 

Despite  the  presence  of  much  literature  on 
line  and  edge  detecting  techniques,  no 
published  work  applying  this  to  soil  erosion 
on  Landsat  data  could  be  found,  so  this  is 
believed  to  be  the  first  such  attempt. 

3.1  HISTOGRAM  EQUALIZATION 

The  first  stage  which  was  carried  out  for 
band  3  of  the  Thematic  Mapper  image  was 
histogram  equalization  (fig.  1).  Histogram 
equalization  is  often  used  for  increasing 
contrast  between  features  for  visual 
interpretation.  Normally  it  is  not 
recommended  to  apply  this  to  the  original 
image  and  then  use  it  for  further  processing 
such  as  classification  or  change  detection 
(Jensen,  1986),  but  here  it  is  deliberately 
applied  to  the  original  band  3  to  reduce  the 
noise  and  unwanted  edges  and  lines  in  the 
dark  tail  of  the  histogram,  mainly 
vegetation,  and  the  light  tail,  the  non- 
eroded  areas,  and  also  to  improve  the  visual 
appearance  of  edges  and  lines  on  the 
processed  image. 

3.2  HIGH  PASS  FILTERING 

The  next  step  is  applying  the  high  pass 
filtering  to  the  image.  In  the  conventional 
edge  detection  technique  the  first  step  is 
low  pass  filtering  (Paine,  1987)  .  Applying 
the  low  pass  filter  to  the  original  image 
removes  the  high  and  increases  the  low 
frequency  data  so  that  the  image  becomes 
gentle  and  smooth.  In  this  instance,  the 
result  was  that  faint  edges,  evidence  of  the 
gullies,  were  removed  and  highly  eroded  areas 
detected  as  non  eroded  areas.  Therefore  the 
low  pass  filtering  was  rejected  and  replaced 
with  high  pass  filtering.  In  the  result  the 
faint  edges  and  lines  were  highlighted  (fig. 
2). 

3.3  EDGE  AND  LINE  DETECTION 

The  next  step  is  detecting  the  edges  and 
lines.  There  is  no  intention  to  use  the 
detected  edges  as  boundaries  of  polygons  but 
they  will  be  used  as  evidence  of  gullies. 
When  using  the  edge  and  line  detecting 
technique  for  detecting  dissected  lands  one 
needs  to  take  into  account  that  a  gully 
might  appear  as  3  edges  if  its  width  is  more 


than  one  pixel  or  as  one  line  if  it  is  just 
one  pixel  or  less  than  one  pixel  in  width  on 
the  Thematic  Mapper  image.  Therefore  an 
algorithm  should  be  chosen  which  has  the 
ability  to  detect  both  edges  and  lines.  The 
existing  edge  and  line  detecting  filters  such 
as  the  Sobel,  the  Robert,  compass,  the 
Laplacian  convolution  masks  and  the 
directional  line  detecting  technique  were 
evaluated.  The  Sobel  and  tha  Robert  operators 
were  found  to  be  powerful  edge  detecting 
techniques,  but  tlie  Laplacian  convolution 
mask  was  found  to  be  the  best  for  detecting 
the  badland  and  gullied  areas  because  it  has 
the  ability  to  detect  faint  edges  as  well  as 
coarse  edges.  Not  only  does  it  detect  both 
edges  and  lines,  but  it  al.,o  gives  stronger 
weight  to  the  lines  than  the  edges.  Only 
edges  and  lines  in  gullied  areas  were  of 
interest  for  detecting  the  dissected  lands, 
but  all  other  artificial  and  natural  lines 
and  edges  were  also  detected. 

3.4  THRESHOLDING 

The  result  of  applying  the  Laplacian 
function  on  the  Nikpay  area  appears  on  the 
screen  as  black,  white  and  gray  pixels.  In 
this  image  the  black  pixels  are  non-eroded 
land,  white  pixels  are  eroded  and  gray  pixels 
are  transitional  betv/een  eroded  and  non 
eroded.  To  change  the  transitional  pixels  to 
either  eroded  or  non  eroded  and  also  for 
printing  the  image  as  hardcopy  the 
thresholding  function  of  lAX  was  applied  to 
the  edge  detected  image  (fig. 3). 

3.5  MASKING 

In  order  to  mask  out  the  noise  within  the 
vegetated  areas  caused  by  edges  of  plots  of 
different  crops  the  vegetation  index  (VI)  was 
added  to  the  detected  image.  If  we  simply  add 
the  VI  to  the  edge  detected  image,  problems 
will  arise,  because  the  non  eroded  areas  on 
the  edge  detected  image  are  black  pixels  and 
vegetated  areas  (non  gullied)  on  the  VI 
image  are  white  so  that  we  will  have  part 
of  the  non  eroded  area  as  black  and  part  as 
white  pixels.  To  solve  the  problem  it  was 
necessary  that  one  image,  either  vegetation 
index  or  the  edge  detected  image,  should 
change  to  negative  form.  The  best  way  was  to 
change  the  edge  detected  image  and  add  it  to 
the  vegetation  index  image.  In  the  derived 
image  (fig.  4)  black  pixels  are  evidence  of 
gullies  and  the  white  pixels  are  non 
dissected  lands.  In  this  image  it  is  possible 
to  find  out  the  relative  prooortion  of 
dissected  and  non  dissected  land  globally  and 
/  or  within  the  regions  of  interest  by 
applying  the  THIST  (Type  the  HISTogram  of  an 
image)  function  of  the  lAX  image  processor. 

3.6  SMOOTHING 

Although  it  is  possible  to  measure  the 
relative  proportion  of  dissected  and  non 
dissected  land  from  fig.  4,  and  visually  also 
dissected  and  non  dissected  land  are 
interpretable,  the  dissecced  and  non 
dissected  land  have  not  been  categorised  so 
Cal.  Tu  have  the  dissected  and  dissected  land 
as  a  map  with  certain  categories,  the  first 
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step  is  to  smooth  the  image.  To  obtain  the 
smooth  image  a  low  pass  filter  was  used. 

3.7  density  slicing 

Two  ways  have  been  tested  for  producing  the 
map  of  dissected  lands  from  the  smoothed 
image.  In  the  first  method  one  of  the 
strongest  edge  detecting  techniques,  the 
Sobel  operator  was  used  on  the  smoothed  image 
of  dissected  lands.  In  the  result  boundaries 
were  detected  and  eroded  and  non  eroded 
areas  outlined. 

In  the  second  method  for  categorising  the 
smoothed  image,  the  density  slicing  function 
of  lAX  was  used  to  split  the  dissected  land 
into  different  levels  of  severity.  Fig.  5  is 
the  outcome  of  density  slicing  into  5 
levels.  We  concluded  that  the  second  method 
gives  a  better  result. 

3.8  ASSESSING  THE  RESULT 

To  verify  the  accuracy  and  degree  of 
correlation  between  image  figure  5  which  is 
produced  from  TM  satellite  data  by  means  of 
filtering  on  the  one  hand,  and  figure  6 
which  is  produced  by  means  of  aerial 
photograph  interpretation  on  the  othe.-:  hand, 
they  were  superimposed  on  a  light  table.  The 
result  of  comparison  was  satisfactory.  The 
only  disagreement  between  these  two  relates 
to  areas  containing  remains  of  old  gullies 
or  evidence  of  mass  movements.  By  applying 
this  method,  not  only  is  it  possible  to 
detect  dissected  lands,  but  also  it  is 
possible  to  classify  them  according  to  the 
frequency  of  occurrence. 

4.0  SUPERVISED  AND  UNSUPERVISED 
CLASSIFICATION 

In  order  to  compare  the  utility  of  the 
spatial  filtering  methods  which  were  the  main 
topic  of  the  research  with  the  conventional 
classification  approach  to  feature 
extraction,  attempts  were  also  made  to 
detect  erosion  by  classification  methods. 

Both  supervised  and  unsupervised 
classification  methods  were  applied  on  the 
Thematic  Mapper  images  of  the  study  area.  It 
was  found  that  neither  of  them  is  successful 
for  identifying  badlands  and  gullied  areas 
and  their  severity.  The  reason  behind  this 
is  that  the  brightness  values  of  badland 
areas  is  determined  by  the  parent  material, 
and  similar  brightness  values  from  the  same 
parent  materials,  not  eroded,  were  found 
elsewhere  in  the  image.  The  second  reason  is 
that  badlands  have  formed  on  a  sequence  of 
different  parent  materials,  including 
conglomerates  and  red  beds  so  different 
parts  of  the  badlands  have  different 
reflectances  and  therefore  were  classified 
in  different  classes.  The  third  reason  is 
that  a  wide  gully  may  be  classified  as  three 
separate  classes  representing  the  two  flanks 
of  a  gully  and  the  flat  space  between  two 
gullies.  The  failure  of  classification 
methods  lor  classifying  badlands  and  their 
severity  confirms  that  it  is  worthwhile  to 
use  the  filtering  techniques  already 


described . 

5.0  CONCLUSION 

It  was  found  in  previous  work  that  among 
erosion  features  gullies  are  recognizable  on 
Thematic  Mapper  data.  Detection  of  gullies 
and  gullied  areas  by  means  of  classification, 
whether  supervised  and  unsupervised,  was  not 
successful  in  this  study  area.  We  came  lo  the 
conclusion  that  the  application  of  a 
Laplacian  mask  on  the  enhanced  band  3  image 
could  detect  dissected  lands.  When  aerial 
photographs  and  Thematic  Mapper  data  are 
compared,  the  advantage  of  aerial 
photographs  was  that  gullies  actively  cutting 
headwards  were  detectable,  but  on  the 
Thematic  Mapper  data  distiguishing  between 
active  and  non  active  gullies  was  impossible. 
Aerial  photographs  are  a  very  good  tool  to 
detect  all  kinds  of  erosion  features  (sheet, 
rill,  and  gully),  but  in  my  study  area 
Thematic  Mapper  data  can  provide  as  much 
detail  of  soil  erosion  as  is  included  in 
previous  soil  erosion  maps  made  from  aerial 
photographs.  The  Sobel  and  the  Robert 
operators  were  found  to  be  very  strong  edge 
detectors,  but  the  ability  of  the  Laplacian 
convolution  mask  for  detecting  faint  edges 
and  lines  was  greater. 
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ABSTRACT 

The  Remote  Sensing  Unit  of  Statistics  Canada's  Agriculture  Division  has  developed  a  new  program  to  assess 
crop  conditions  in  the  Prairie  Provinces.  Preliminary  response  from  the  agricultural  community,  based  on  the 
prototype  products  produced  during  the  crop  growing  season  of  1988,  revealed  significant  interest  for  such  a 
program.  for  1983,  timely,  quantitative  and  objective  crop  condition  reports  will  be  produced  at  the  Crop 
Reporting  District  and  Rural  Municipality  level  on  a  ueekly  basis  using  low  resolution  NOAA  satellite  data. 
The  products  include  maps,  graphs,  tables  and  visual  images  which  can  be  integrated  with  historical  crop 
condition  information,  conventional  farm  survey,  administrative,  census,  soil  and  weather  data.  The  crop 
condition  reports  are  planned  for  weekly  public  release  during  the  1989  crop  growing  season. 


Key  Words:  crop  condition  assessment.  Crop  Information 
system  Integration,  NOAA  AVHRR,  Statistics  Canada. 


INTRODUCTION 

Recent  dry  and  drought  years  in  the  Canadian  prairie 
provinces  of  Alberta,  Saskatchewan  and  Manitoba  have 
emphasized  the  need  for  new  sources  of  timely, 
objective  and  quantitative  information  on  crop 
conditions.  In  response  to  this  information 
requirement,  the  Remote  Sensing  Unit  of  Statistics 
Canada's  Agriculture  Division  has  developed  a  cost 
effective  remotely  sensed  based  crop  condition 
assessment  program.  Dally  NOAA  AVHRR  Images, 
composited  weekly  through  the  Crop  Information 
System  (CISl,  provide  the  remotely  sensed  data 
necessary  for  the  operational  program. 

The  CIS  data  of  approximately  1  km  resolution  are 
aggregated  and  averaged  over  a  Crop  Reporting 
District  or  Rural  Municipality.  This  Infornation  is 
best  suited  to  organizations  and  agencies  dealing 
with  similar  aggregated  units  of  analysis  -  it  does 
not  fulfill  individual  farmer  needs  for  crop 
condition  Information.  However,  for  time-series 
analysis  and  to  highlight  areas  of  vegetation 
stress,  this  information  can  help  to  focus 
resources  and  effort  on  specific  areas  requiring 
further  study. 


BACKGROUND 

A  prototype  series  of  crop  condition  reports  was 
developed  in  the  summer  of  1988  and  Introduced  to 
selected  organizations  within  the  agricultural 
community.  Response  to  the  map  and  graph  products 
was  very  positive;  consequently,  the  crop  condition 


System  (CIS),  remote  sensing/geographic  information 


reports  are  now  planned  for  weekly  public  release, 
on  a  subscription  basis,  during  the  1989  crop 
growing  season.  The  products  include  maps,  graphs, 
tables  and  visual  images  which  can  be  integrated 
with  historical  crop  condition  information, 
conventional  farm  survey,  administrative,  census, 
soil  and  weather  data.  The  reports  provide  timely, 
quantitative  and  objective  information  on  crop 
conditions  based  on  a  Crop  Reporting  District  level 
or  on  smaller  geostatistical  areas  such  as  Rural 
Municipalities.  This  useful,  relatively  inexpensive 
analytical  product  is  not  intended  to  replace  other 
sources  of  information  which  have  served  crop 
analysts;  rather,  it  should  complement  these 
sources. 


Weekly  NOAA  Composite  Image 

The  Crop  Information  System  (CIS)  is  a  joint 
development  of  the  Canada  Centre  for  Remote 
Sensing,  the  Manitoba  Remote  Sensing  Centre,  the 
Canadian  Wheat  Board  and  others  including 
Statistics  Canada. 

The  Manitoba  Remote  Sensing  Centre  in  Winnipeg, 
Manitoba  produces  weekly  NOAA  AVHRR  CIS  outputs  on 
a  subscription  basis.  The  CIS  involves  extensive 
processing,  including  geometric  correction,  of  daily 
NOAA  imagery.  Up  to  seven  daily  images  ace  combined 
in  a  compositing  process  to  produce  a  weekly 
composite  image  for  two  channels  and  a  Normalized 
Difference  Vegetation  Index  (NOVI)  file.  This 
compositing  process  significantly  reduces  cloud 
cover  problems  associated  with  the  dally  images.  The 
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NDVI  is  a  quantitative  index  emphasizing  differences 
between  stressed  and  unstressed  vegetation  and  is 
calculated  using  two  of  the  composited  NOAA 
channels.  This  NDVI  has  been  shown  to  be  a  good 
indicator  of  vegetation  stress  (Brown,  et  al.,  1989; 
Hougham,  1987).  A  more  thorough  discussion  of  the 
CIS  process  ard  the  NDVI  is  available  in  Brown,  et 
al.  (1989). 


Image  Processing 

Each  weelt,  the  NOAA  composite  imagery  Is  transfer..ed 
on  tape  or  electronically  to  the  remote  sensing 
facility  at  Statistics  Canada  and  is  processed  on 
the  ARIES  III  image  analysis  system.  Average  NDVI 
values  are  calculated  for  the  40  Crop  Reporting 
Districts  and  the  almost  500  agricultural  Rural 
Hunicipalities.  An  agricultural  overlay  mas)(  is 
used  in  the  calculations  so  that  forest,  urban  and 
water  areas  are  eliminated  from  the  processing. 
Cloud-covered  pixels  are  also  excluded  from  the 
calculation  of  the  mean  NDVI  statistics. 

For  internal  Agriculture  Division  use,  various 
enhanced  visual  images  are  produced  based  on  the 
needs  of  the  Crops  Section  analysts  and 
statisticians,  e.g.,  areas  of  extreme  stress  are 
highlighted  for  identifying  additional  sample 
locations.  A  colour  image  is  also  produced  for  the 
Crop  Condition  Assessment  Program;  the  image  data 
are  classed  and  displayed  showing  the  statistical 
difference  between  a  current  three-wee)!  running  NDVI 
average  and  a  seven-year  (1982-1988)  NDVI  expected 
normal. 

In  addition  to  the  visual  images,  the  generated 
statistics  are  transferred  to  the  ARC/INFO 
geographic  information  system  (CIS)  in  a  procedure 
explained  in  Korporal,  et  al.  (1989).  Extensive 
integration  of  data  capture,  display,  manipulation 
and  analysis  techniques,  mostly  in  the  CIS 
environment,  is  used  to  enhance  the  spatial 
characteristics  of  these  data. 


Crop  Condition  Happing 

The  average  NDVI  statistics  transferred  from  the 
ARIES  system  are  processed  and  an  INFO  database  file 
is  created.  Seven  years  of  historical  NDVI  averages 
are  also  accessible  in  INFO.  Each  weeic,  difference 
and  percentage  change  statistics  are  calculated 
against  the  same  Julian  week  in  the  previous  year 
and  the  same  Julian  week  of  the  seven-year  normal. 

The  resulting  maps  display  time-series  comparisons 
by  Crop  Reporting  District  for  both  recent  and 
historical  crop  condition  Information  (Figure  1). 
More  detailed  naps,  based  on  smaller  geostatistical 
areas  such  as  Rural  Hunicipalities,  are  also 
available  in  order  to  permit  the  user  to  better 
focus  subse^uen^  analysis  (Figure  2).  Haps  could 
also  be  produced  for  user-defined  geostatistical 
areas. 


Precipitation  And  Temperature  Happing 

Daily  and  weekly  summarie.s  of  temperature  and 
precipitation  data  are  captured  by  an  on-line  PC 


microcomputer  from  a  service  available  from  the 
Atmospheric  Environment  Service,  Environment  Canada, 
in  Winnipeg,  Hanitoba.  These  data  are  processed  by 
an  automated  editing  program  and  transformed  to  an 
INFO  format  data  file. 

Two  types  of  meteorological  map  products  are 
produced.  The  first  averages  weekly  percentage  of 
normal  precipitation  since  April  1  by  Crop  Reporting 
District.  The  second  map  type  plots  individual 
variables  such  as  the  percent  of  normal 
precipitation,  total  precipitation  and  the 
temperature  from  normal  at  the  location  of  each  of 
145  Prairie  meteorological  stations.  A  reference  map 
locating  all  meteorological  stations  is  also 
provided. 


Graphic  Display  and  Tabular  Data 

For  quantitative  analysis,  it  is  desirable  to  have 
both  graphic  and  tabular  representation  of  the  NDVI 
information.  Unfortunately,  ARC/INFO  does  not  have 
a  graphic  output  capability.  It  is  therefore 
necessary  to  re-process  the  NDVI  data  and  transfer  a 
copy  of  all  files  to  the  PC  LOTUS  1-2-3  or  SAS/GRAPH 
environment.  These  data  are  then  displayed  by 
plotting  the  mean  Crop  Reporting  District  NDVI 
values  against  time  in  weeks.  Crop  Reporting 
Districts  in  areas  of  similar  geography  (soils, 
climate,  crops,  etc.)  can  be  plolted  together  to 
check  the  integrity  of  the  data  as  th.e  crop  growing 
season  progresses.  Hore  interestingly,  on  an 
individual  Crop  Reporting  District  basis,  previous 
years  and  the  seven-year  normal  can  be  compared 
graphically  to  the  current  year,  also  by  week 
(Figure  3).  Weekly  tabular  data  summaries  also  are 
produced  using  the  report  functions  in  INFO,  LOTUS 
and  SAS. 


FUTURE  DIRECTIONS 

The  immediate  research  and  development  goal  is  to 
produce  early  season  yield  estimates.  A  cooperative 
research  program  is  underway  with  CCR3  and  other  CIS 
subscribers,  the  preliminary  research  results  are 
very  promising.  It  is  hoped  that  early  yield 
estimates  will  be  an  operational  component  of  the 
Crop  Condition  Assessment  Program  for  the  1991  crop 
season. 

Concurrent  research  focusses  on  examining  possible 
correlations  between  the  NDVI  and  precipitation. 
Combined  with  soil  moisture  content  and  soil  type, 
this  infornation  also  may  be  useful  for  crop 
condition  and  yield  predictions. 

The  Crop  Condition  Assessment  Program,  now  in  its 
first  operational  year,  will  continue  to  evolve  and 
expand.  In  addition  to  the  processing  related  to 
the  subscriptions,  the  program  will  be  further 
integrated  with  traditio.na!  crop  surveys  in  order  to 
provide  spatial  analysis  and  map  output 
capabilities.  Standardized  map  products  are  being 
considered  for  Crop  Reporting  Districts  and  other 
geostatistical  units  in  provinces  other  than  the 
Prairies.  Other  oevelopments  will  focus  on  better 
user  interfaces  using  the  ARC/INFO  macro  language 
and  menu  capability. 
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Figure  1  :  Comparison  o£  Crop  Conditions,  Week  of  July  11-17  (Julian  Week  »28),  Prairie 
Provinces  by  Crop  Reporting  District 
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Figure  2  :  Comparison  of  Crop  Conditions,  Week  of  July  11-17  (Julian  Week  128),  Prairie 
Provinces  by  Rural  Municipality 
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Figure  3  :  Normalized  Difference  Vegetation  Index, 
Manitoba  Crop  Reporting  District  7,  1987, 
1988  and  1982-1988  Normal* 

*  1982-1988  Normal  not  yet  calculated;  approximate 
curve  is  graphically  presented  here. 


CONCLUSION 

Objective,  timely,  quantitative  and  accurate 
information  on  crop  conditions  is  of  increasing 
importance  to  the  Canadian  agricultural  community. 
The  Crop  Condition  Assessment  Program  provides  the 
infrastructure  and  spatial  data  display  to  provide 
this  information.  The  program  will  grow  in 
importance  as  geostatistical  analysis  and  digital 
map  products  become  integral  tools  for  agricultural 
analysts  and  statisticians. 
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ABSTRACT 

Paling  the  poAt  tO  yzafii ,  Gzogaaphic.  JnioajnaXion  Syiitnl  (GIS)  have 
paogaeAAeri  (aor  a  a&seaach  and  rfevcBopner.t  Atate  to  that  oj  cipzaaiionai 
impie/rznXaXion.  PojiaU.tt  with  ihii  devetopTient,  aapabitixidi  o(,  GIS 
lyiizm6  advanced  thaough  vaa,iouA  AtageA,  Auch  aA  ca/ctogaaphic  applicaXiani , 
compu-teh,  aided  duigra  and  mapping,  palygon-baied  ovenZayt  and  data 
management,  aeiaxional  data  boAe  AtauctuaeA ,  aaiteoized  oveAlayt  and  data 
management,  and  integaaXion  with  lateltite  tmage  analytH  AgAtemA.  At  the 
Aame  tine,  uAent  o^  iyiteni  on.  cJLlentt  of,  GIS  vendooA  inaieaied  theta 
aeguXaement  iaom  technicat  capabititiet  to  coAt-e^^ecttue  openationat 
peaionmance  ipeciiicationi . 

In  thtA  papen  the  authon.  highlighti  Aome  oi  the  main  pnobiemi ,  chattenget 
and  achievementi  oi  GIS  appliaationi  iaom  the  development  itage  to  the 
cannent  ope-atlcnal  implementation  phaie,  oA  wetX  oA  pxojecti  <utuae  taendi 
ana  oppontunit  iei .  The  vision  o(  the  ^atuac  tnctudCA  expansions  to 
aesciince  management,  land  use  evaluation  applications  and  global 
monitoning,  aesulting  in  Signiiicant  impacts  on  cuoaent  management 
paactices  and  economic  policies. 
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Abstract 

GIS  is  in  the  process  of  changing  from  a  specialized  develop¬ 
ment  accessible  to  a  select  few,  to  a  common  business  and 
technical  tool  widespread  throughout  society.  As  well,  image 
analysis  now  holds  the  protnise  of  providing  a  large  volume 
of  data  applicable  within  the  GIS  environment  for  a  variety 
of  applications. 

In  order  to  facilitate  ease  of  use  and  integration  of  geo- 
referenced  data,  the  government  of  British  Columbia  has 
taken  on  the  responsibility  of  developing  specifications  for 
transferral  and  archiving  of  such  data. 

This  paper  places  the  issue  of  specifications  in  a  business 
context  and  then  provides  evaluation  criteria  against  which 
different  formats  are  judged.  A  proposal  for  British  Columbia 
follows,  dealing  with  the  whole  gamut  of  georeferenced  data, 
including  various  vector  and  raster  representations.  The  paper 
concludes  that  existing  formats  are  not  the  most  suitable  for 
British  Columbia  and  that  the  option  of  migrating  to  a  format 
such  as  the  one  proposed  is  justifiable. 


I  Scope  and  Objectives 

British  Columbia  consists  of  roughly  95  million  hectares,  90% 
of  which  is  owned  by  the  provincial  or  federal  government, 
with  management  delegated  through  the  Canadian  constitution 
primarily  to  provincial  authorities.  Within  this  land  mass  - 
larger  than  Washington,  Oregon  and  California  combined  - 
reside  less  than  2’/2  million  people.  The  trend  in  B.C.  has 
been  to  maintain  a  civil  service  small  in  terms  of  both  abso¬ 
lute  numbers  and  as  a  proportion  of  the  total  population. 
Consequently,  the  ability  of  comparatively  few  people  in  the 
B.C.  government  to  manage  very  large  areas  is  seen  as  a 
critical  issue. 

In  order  to  gain  efficiency,  both  within  and  across  specific 
provincial  agencies,  there  has  been  a  broad  thrust  beginning 
several  years  ago  in  GIS.  This  push  has  concentrated  primar¬ 
ily  on  data  collection  and  operational  use  for  specific  appli¬ 
cations,  the  more  sophisticaied  work  has  tended  to  be  project 
specific  and  handled  by  in-house  specialists.  More  recently 
it  has  been  recognized  that  GIS  holds  the  potential  to  benefit 
a  full  spectrum  of  users  dealing  with  many  day-to-day  business 
operations  associated  with:  water  management,  waste  manage¬ 


ment,  wildlife  and  fisheries  management,  forestry  and  geolo¬ 
gical  applications,  cadastral  administration  and  other  activities. 
These  business  operations  include  both  typical  administrative 
functions  as  well  as  traditional  analytical  functions  normally 
carried  out  with  GIS  systems. 

This  thinking  leads  to  two  major  issues.  (1)  provision  of 
standardized  databases  spanning  the  province,  and  (2) 
development  of  a  GIS  infrastructure  throughout  the  govern¬ 
ment,  applicable  on  a  variety  of  hardware  platforms,  across 
network,  and  in  regional  as  well  as  central  (Victoria)  offices. 
For  both  issues  it  is  clearly  imperative  that  specifications  be 
put  into  place  which  are  applicable  to  any  data  which  may  be 
used  in  GIS  work.  Note  that  digital  data  from  imagery  is 
considered  as  simply  another  data  source  for  GIS,  whether 
in  an  enhanced  pictorial  form,  or  as  a  classified  product. 

The  government  of  British  Columbia  has  taken  on  the  respon¬ 
sibility  of  defining  a  vendor  independent  non-proprietary 
format  to  allow  users  to  freely  exchange  data  between  existing 
and  future  GIS  (and  image  analysis)  systems.  This  format 
should  also  be  suitable  for  the  archival  of  large  spatial 
databases  in  a  compact  form  to  facilitate  the  retrieval  and 
distribution  of  the  data  as  well  as  to  minimize  the  impact  of 
system  upgrades  or  replacements. 


II  Evaluation  Criteria 

In  order  to  assess  the  adequacy  of  existing  or  proposed  for¬ 
mats  to  meet  our  needs  in  British  Columbia,  a  list  of  eval¬ 
uation  criteria  was  first  devised.  Twelve  criteria  have  been 
defined  as  follows. 

a.  -  Data  Volume 

Despite  the  decrease  in  cost  and  increase  in  efficiency 
of  digital  storage  systems,  data  volume  still  remains  a 
concern  of  any  database.  Spatial  databases  are  typi¬ 
cally  large  and  there  is  an  increasing  demand  for  the 
import  and  export  of  this  data  in  the  microcompute, 
environment.  Ideally,  a  suitable  transfer  and  archival 
format  should  have  the  ability  to  adapt  to  the  amount 
of  ancillary  (i.e.  file  description)  information  required. 
For  example,  headers  need  not  carry  redundant  and 
unused  fields. 
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b.  -Hardware  Platform 

Spatial  data  will  in  many  cases  be  transferred  between 
a  variety  of  minicomputer  and  microcomputer  environ¬ 
ments  and  so  the  format  should  be  supportable  on  a 
wide  range  of  platforms  under  different  operating 
systems. 

c.  -  Media 

The  format  should  be  suitable  for  transfer  on  a  num¬ 
ber  of  media  including  magnetic  tape,  floppy  disks, 
CDROM,  and  computer  networks. 

d.  -Archival  Suitability 

The  format  should  be  suitable  for  archival.  This  means 
that  the  spatial  data  for  a  region  or  project  area  must 
be  self-contained  such  that  source,  producer,  updating, 
completeness,  accuracy,  and  referencing  information  is 
retained  as  part  of  the  data  set.  It  also  must  be  in  a 
compact  form. 

e.  -  Integration  with  Traditionai  Relationai  Structures 

The  format  must  have  the  ability  to  relate  individual 
spatial  objects  through  the  use  of  a  primary  key.  This 
would  allow  the  maintenance  of  a  link  between  the 
spatial  attributes  and  a  relationally  structured  set  of 
business  attributes. 

f.  -  Appropriate  for  Use  in  Production  and  Research 

Environments 

The  format  must  be  suitable  in  a  production  environ¬ 
ment  as  well  as  a  research  environment.  There  must 
be  sufficient  detail  to  allow  for  large  project  areas  and 
varied  themes  to  be  encoded.  However,  it  should  also 
be  realistic  to  clip  subsets  for  research  purposes, 
without  the  encumbrance  of  unwieldy  data  structures. 

g.  -  Appropriate  for  All  Spatial  Entities 

The  format  must  have  the  capability  to  encode  all 
spatial  entities.  These  entities  include  such  elements 
as  points,  lines,  areas,  labels,  text,  and  symbols. 

h.  -Ability  to  Encode  a  Variety  of  Spatiai  Data  Types 

The  format  must  be  able  to  encode,  archive  and 
transfer  both  vector  based  and  raster  based  data. 

i.  -  Ability  to  Encode  both  20  and  3D  Spatial  References 

The  format  must  be  able  to  carry  a  height  (z)  value 
as  part  of  a  (x,  y,  z)  coordinate  triplet  for  each  spatiai 
reference. 

j.  -  Apparent  Seamlessness 

Although  the  format  can  be  file  based,  it  should  have 
the  ability  to  give  the  appearance  of  seamlessness. 
This  means  that  there  should  be  the  capability  for  the 
selection  of  a  window  of  data  of  any  size  or  shape. 
Ideally,  a  large  watershed  spanning  several  mapsheets 
and  UTM  Zones  should  be  able  to  be  handled. 

k.  -Ability  to  Support  Projections  and  Datums  Used  in 

B.C 

The  format  must  have  the  ability  to  encode  spatial 
references  in  the  projections  and  datums  most  com¬ 
monly  used  in  mapping  in  the  province  of  British 
Columbia.  This  requires  a  method  of  storing  poly¬ 
conic,  geographic  and  UTM  coordinates  using  the 
NAD27  or  NAD83  datums. 


I.  -  Ease  of  Migration  from  Formats  Currently  Used 
within  B.C. 

If  possible  to  accomplish  without  compromise,  the 
specifications  should  be  such  that  migration  to  them 
is  reasonable  both  technically  and  organizationally. 


Ill  Spatial  Format  Alternatives 

Seven  published  formats  were  examined  including  ISIF, 
TIGER,  CeSM,  DUG,  MACDIF,  MOEP,  and  SDTS.  Some 
of  these  are  currently  used  operationally,  whereas  others  are 
undergoing  testing.  These  formats  are  briefly  reviewed  below. 

ISIF  (Intergraph  Standard  Interchange  Format) 

This  format  was  developed  by  Intergraph  to  act  as  a 
common  mechanism  for  transmittal  of  graphics  and 
associated  data  between  systems.  ISIF  can  be  created 
in  either  an  ASCII  or  binary  format  with  no  header 
information,  resulting  in  reasonable  data  volumes  for 
a  single  file.  It  can  be  used  on  virtually  any  hardware 
platform  and  is  simple  enough  that  with  a  basic  under¬ 
standing  of  Intergraph,  software  creation  should  not  be 
a  problem.  Any  kind  of  standard  media  can  be 
accommodated,  as  these  are  simple  ASCII  and  binary 
files.  The  format  cannot  be  integrated  with  traditionrd 
relational  systems;  features  are  not  uniquely  identified 
to  allow  the  use  of  primary  keys  or  indexing.  It  is 
strictly  file  based  with  4  byte  integer  Cartesian 
coordinates  based  on  an  origin  that  is  peculiar  to  the 
system  on  which  it  was  created.  ISIF  is  more  appro¬ 
priate  for  transfer  rather  than  archiving,  due  to  its 
Intergraph  dependence  and  lack  of  historical  header 
data.  It  is  however  useful  for  the  translation  of  all 
spatial  element  tj^es,  although  topology  is  not  taken 
into  account.  It  is  suitable  only  for  vector  data,  with 
no  support  for  rasters. 

TIGER  (Topologically  Integrated  Geographic  Encoding 

and  Referencing) 

TIGER  was  developed  by  the  U.S.  Department  of 
Commerce  as  a  digital  map  data  base  that  automates 
the  mapping  and  related  activities  required  to  support 
the  census  and  survey  programs  of  the  Census  Bureau. 
It  is  difficult  to  estimate  the  data  volumes  for  this 
format  as  it  is  specific  to  census  data.  It  is  suitable 
for  use  on  any  hardware  platform  and  media.  It  was 
designed  as  both  an  archive  and  distribution  format. 
It  can  be  integrated  with  relational  database  structures 
due  to  its  reliance  on  table  lookups  and  primary  keyed 
structure.  It  will  only  code  linear  spatial  elements; 
thus,  it  is  not  suitable  for  area  or  cartographic  entities. 
It  is  a  truly  seamless  database  using  geographies  as  its 
spatial  referencing  system.  It  does  not  support  raster 
or  surface  structures,  only  lines  with  census  related 
topology.  TIGER  was  developed  with  very  modern 
concepts;  however,  it  is  oriented  strictly  toward  use  of 
census  data. 

CeSM  (Canadian  Council  on  Surveying  and  Mapping) 
CeSM  was  developed  by  the  Canadian  Ministry  of 
Energy,  Mines  and  Resources  to  provide  a  machine 
and  language  independent  national  standard  for  the 
exchange  of  digital  topographic  data.  This  format  was 
designed  as  a  magnetic  tape  based  transfer  format. 
All  data  is  coded  in  ASCII  with  extensive  header  and 
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related  attribute  information.  This  typically  results  in 
very  large  data  files.  The  software  available  for  trans¬ 
lation  to  and  from  different  GIS  systems  is  VAX 
based.  Because  it  is  a  sequential  media  based  format, 
it  is  not  suitable  for  incorporation  with  traditional 
relational  structures.  The  format  was  designed  exclu¬ 
sively  as  a  production  transfer  format  and  is  less 
suitable  for  research  applications.  CCSM  is  appro¬ 
priate  for  all  spatial  entity  types  and  can  carry  some 
topological  characteristics;  however,  it  does  not  support 
rasters  or  grid  based  surfeces.  As  it  is  a  file  based, 
sequential  storage  system,  extracting  an  arbitrary 
window  of  data  can  be  awkward.  CCSM  includes  a 
flexible  and  well  documented  mechanism  for  classifying 
feature  categories  using  a  ten  character-number  com¬ 
bination, 

DLG  (Digital  Line  Graph) 

DLG  was  originally  developed  by  the  U.S.  Geological 
Survey  as  part  of  the  U.S.  National  Mapping  Pro¬ 
grams’  Digital  Cartographic  Data  Standards.  The 
enhancement  to  DLG  that  we  have  been  reviewing 
was  created  by  Universal  Systems  Ltd.  for  use  as  a 
transfer  format  to  and  from  their  CARIS  system.  The 
USL  enhancements  include  increased  topology,  3D 
capability,  and  a  separate  attribute  file  structure.  Data 
volume  is  not  a  problem  with  this  format,  in  a  binary 
format  with  limited  header  information,  files  are 
typically  very  lean.  It  is  suitable  for  any  hardware 
platform  or  media  storage,  although  it  may  not  be 
appropriate  as  an  archival  format  due  to  the  limited 
header  information.  Without  enhancement  there  is  no 
way  of  identifying  object  structures,  and  so  linkage 
with  traditional  relational  structures  is  not  possible.  It 
would  however  be  suitable  for  production  and  research 
environments,  as  a  means  of  transferring  spatial  attri¬ 
butes.  It  would  also  be  difficult  to  obtain  seamlessness 
in  this  format  due  to  its  file  based  nature.  A  vector 
based  formal,  DLG  does  not  support  raster  structures. 

MACDIF  (Map  and  Chart  Data  Interchange  Format) 
MACDIF  was  developed  primarily  by  the  Ontario 
Ministry  of  Natural  Resources  and  the  Canadian 
Hydrographic  Service  as  a  comprehensive  telecom¬ 
munications  oriented,  interchange  standard,  for  both 
topographic  map  and  hydrographic  chart  data.  This 
format  is  the  most  complete  to  be  reviewed  so  far. 
It  has  extensive  header  information  and  spatial  entity 
capability.  This  makes  it  suitable  for  all  applications 
of  spatial  data  with  the  exception  of  raster  data.  The 
data  volumes  are  large  because  of  its  extensive  header 
information;  however,  carrying  this  information  makes 
it  suitable  as  an  archival  as  well  as  transfer  format. 
It  is  not  restricted  by  any  hardware  platform  or  media. 
As  intended,  it  is  particularly  suited  to  transmission 
over  telecommunication  systems.  MACDIF  is  seamless 
in  concept  using  a  coordinate  system  that  unifies  all 
input  projections  and  datums.  It  is  file  based  but  has 
the  capability  of  uniquely  identifying  spatial  objects; 
these  objects  could  in  turn  be  linked  to  a  relational 
structure.  It  also  has  the  ability  to  handle  all  types  of 
spatial  and  cartographic  elements,  although  rasters  are 
not  addressed. 

MOEP  (Ministry  of  Environment  and  Parks) 

Based  on  an  enhancement  of  a  format  developed  by 
the  Province  of  Alberta,  this  format  is  intended 


primarily  as  a  means  of  transferring  1:20  000  digital 
topographic  and  cadastral  map  data  generated  by  the 
Terrain  Resource  Information  Management  (TRIM) 
program.  It  has  been  well  received  in  British  Columbia 
for  this  purpose.  It  has  very  limited  header  infor¬ 
mation  and  with  binary  compression  its  data  volumes 
are  very  small  relative  to  most  proprietary  GIS  for¬ 
mats.  It  is  not  restricted  by  hardware  platforms  or 
media.  It  will  handle  all  types  of  spatial  data  with  the 
exception  of  raster.  MOEP  is  well  suited  to  research 
environments  but  its  limited  scale  and  projection  capa¬ 
bilities  make  it  unsuitable  in  its  present  form  to  varied 
production  environments.  This  format  does  cariy  the 
ability  to  introduce  unique  object  identifiers  which  in 
turn  could  link  to  a  relational  structure.  It  is  file  based 
with  only  the  UTM  projection  supported  at  this  time. 
Tliis  makes  the  concept  of  seamlessness  not  suited  to 
this  format.  The  simplicity  and  compactness  of  the 
format  makes  MOEP  a  suitable  candidate  for  exten¬ 
sive  enhancement.  Various  GIS  vendors  operating 
within  British  Columbia  now  support  MOEP. 

SDTS  (Spatial  Data  Transfer  Speciflcation) 

Developed  in  the  U.S.  by  three  related  groups:  (1)  the 
National  Committee  for  Digital  Cartographic  Data 
Standards  (NCDCDS),  (2)  the  Standards  Working 
Group  of  the  Federal  Interagency  Coordinating 
Committee  on  Digital  Cartography  (FICCDC-SWG), 
and  (3)  the  Digital  Cartographic  Data  Standards  Task 
Force  (DCDSTF).  This  format  specification  covers 
vector  and  raster  data,  and  supports  a  variety  of  zero, 
one,  and  two  dimensional  elements.  It  is  the  most 
complete  spatial  data  format  of  those  reviewed.  SDTS 
breaks  down  the  essential  high  level  components  of  a 
spatial  format  into  a  set  of  modules  that  can  be 
viewed  in  a  semi-relational  fashion.  These  modules 
contain  such  things  as:  (1)  global  information  contain¬ 
ing  attributes  describing  cataloguing,  identification, 
security,  spatial  referencing,  spatial  domains,  data 
dictionary,  and  transfer  statistics,  and  (2)  dat.a  quality 
describing  lineage,  positional  and  attribute  accuracy, 
logical  consistency  and  completeness.  The  spatial  data 
itself  can  be  described  in  three  ways;  these  are 
referenced  as  the  vector  form,  the  relational  form,  and 
the  raster  form.  This  format  gives  a  blueprint  for  the 
archival  and  transfer  of  spatial  data,  not  restricting  it 
to  any  hardware  platform,  media,  or  recognized  digital 
standard.  Its  semi-relational  table  structure  makes  it 
ideally  suited  to  both  the  research  and  production 
environments.  SDTS  gives  the  plans  for  encoding  of 
any  spatial  data  type  or  structure. 


IV_A  Proposed  Format  for  British  Columbia 

BC-SAIF  (British  Columbia  Spatial  Archive  and  Inter¬ 
change  Format) 

A  proposed  format  for  the  transfer  and  archival  of 
digital  spatial  data  for  use  in  the  province  of  British 
Columbia  would  use  concepts  and  extensions  of  the 
formats  reviewed  above,  particularly  SDTS.  It  would 
make  extensive  use  of  the  relationally  structured  high 
level  information  as  outlined  by  the  SDTS  format. 
The  high  level  information  for  a  specific  project  or 
map  area  would  be  maintained  as  a  set  of  separate 
files. 
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The  vector  format  would  be  an  object  oriented  exten¬ 
sion  of  the  MOEP  format  with  implicit  topology  and 
the  choice  of  the  two  projections  (UTM  and  poly¬ 
conic)  relevant  to  the  area  covered  by  the  province. 
The  individual  spatial  component  feature  coding  would 
use  the  principles  is  developed  by  the  CCSM,  but  the 
unique  object  identifiers  would  be  generated  through 
a  combination  of  primary  information  relevant  to  the 
theme  and  the  spatial  area  of  the  object  itself.  This 
would  keep  the  vector  data  in  a  sequential  file  struc¬ 
ture  separate  from  the  header  information.  This  data 
would  be  in  a  simple  form  that  is  easily  understood 
and  converted  while  maintaining  a  seamless  unique 
identifier  as  a  link  to  a  relational  attribute  structure. 
The  raster  data  sets  would  use  the  format  as  outlined 
in  the  SDTS.  An  accompanying  header  would  contain 
all  relevant  information  to  build  the  raster  image  from 
the  spatial  component  file.  The  spatial  raster  file 
itself  would  have  the  option  of  either  a  simple  sequen¬ 
tial  binary  list  of  raster  values  or  a  run  encoded  form. 
There  also  would  be  an  optional  accompanying  cell 
value  file  to  contain  attribute  information  for  each 
pixel. 

BC-SAIF  would  satisfy  the  evaluation  criteria  listed 
above.  The  set  of  relational  files  for  a  particular  area 
of  interest  contain  all  information  needed  for  that  area 
including  lineage,  positional  accuracy,  attribute  link¬ 
ages,  cataloguing  information,  and  spatial  referencing. 
The  files  can  be  archived  and  interchanged  as  a  corn- 
pi  ne  set,  or  any  subset  of  data  such  as  just  the  spatial 
refer^.’ices  or  just  the  header  information  can  be 
extractpo  for  research  purposes.  The  multi-file 
structuie  of  the  format  also  allows  for  the  mixing  of 
file  types;  all  header  information  can  be  held  in  ASCII 
while  all  spatial  reference  data  is  in  a  compressed 
binary  form.  Note  that  BC-SAIF  can  be  considered 
as  a  variant  of  SDTS. 


V  Discussion 

To  satisfy  our  twelve  evaluation  criteria  a  blend  of  the  above 
specifications  utilizing  the  qualities  best  suited  to  the  inter¬ 
change  and  archival  requirements  in  British  Columbia  can  be 
developed.  BC-SAIF,  a  merging  of  concepts  under  the  guide¬ 
lines  specified  in  the  STDS,  best  suits  the  purpose  of  the 
format  for  the  following  reasons: 

(1)  The  extension  of  MOEP  for  the  storage  of  vector 
references  facilitates  the  migration  of  existing  map 
products. 

(2)  The  use  of  CCSM  structured  feature  coding  expedites  the 
migration  of  federal  mapping  products.  The  coding  struc¬ 
ture  also  provides  a  method  for  uniquely  categorizing 
features  to  allow  the  grouping  of  like  entities. 

(3)  The  use  of  STDS  concepts  gives  companies  with  a  pre¬ 
sence  in  B.C.  the  opportunity  to  become  familiar  with 
the  developing  U.S.  format,  while  at  the  same  time 
meeting  the  immediate  needs  of  many  B.C.  customers. 

(4)  The  resulting  multi-file  structure  allows  ready  integration 
with  relational  databases,  as  these  files  fit  the  Binary 
Large  Object  (BLOB)  concept  for  which  there  is  ongoing 


development  by  relational  database  vendors.  Each  spatial 
object  is  a  variable  length  BLOB  with  a  unique  identifier 
serving  as  the  foreign  key  linking  the  object  to  a  set  of 
business  attributes. 

(5)  The  SDTS  concept  allows  the  existence  of  both  vector 
and  raster  spatial  data  sets  under  the  same  specification. 
Both  spatial  types  can  utilize  the  same  format  header 
files. 

It  is  our  intention  to  develop  BC-SAIF  for  use  within  a  GIS 
prototype  being  established  by  our  Branch.  We  will  be  work¬ 
ing  with  vendors  and  other  government  agencies  during  this 
process,  as  appropriate.  The  long  term  objective  is  to  ensure 
that,  through  a  common  specification,  data  archive  and  inter¬ 
change  needs  throughout  the  province  can  be  achieved. 
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Abstract 

Difficulties  obtaining  and  importing  spatial  data 
into  geographically  co-registered  databases  can  hamper 
attempts  to  monitor  large-scale  resource  developments. 
In  northern  Nigeria,  although  the  adverse  downstream 
effects  of  large-scale  dam  construction  are 
acknowledged,  the  exact  extent,  location  and  nature  of 
these  impacts  is  largely  unknown. 

Spatial  data  sets  from  northern  Nigeria  were 
compiled,  co-registered  and  analyzed  using  a  TYDAC 
SPANS  Geographic  Information  System.  The  data  sets 
included,  soil,  vegetation  and  topological  information 
obtained  from  existing  maps,  land  use  and  land-use 
change  information  derived  from  analysis  of  satellite 
imagery;  and,  questionnaire  and  field  survey  data. 

Significant  correlations  between  many  of  the  data 
sets  indicate  that  the  effects  of  dam  construction  are 
not  equally  distributed  in  downstream  areas.  Impacts 
are  more  detrimental  in  areas  farther  from  the  main 
river  courses.  Such  information  can  help  identify 
specific  sites  where  nev/  welis  or  pumps  should  be 
located  to  assist  farmers. 

Keywords:  Information  integration,  Nigeria,  Satellite 
imagery,  GIS,  Impact  assessment 

Introduction 

In  developing  countries,  such  as  Nigeria,  large- 
scale  resource  development  often  proceeds  without 
adequate  attention  being  given  to  environmental 
considerations.  In  northern  Nigeria  the  failure  to 
acquire  relevant  resource  information  prior  to 
constructing  two  largo-scale  dams  has  undermined  the 
potential  benefits  cf  these  projects.  Post-dam 
assessments  indicate  decreasing  agricultural 
productivity  and  increasing  environmental  deterioration 
associated  with  the  construction  of  dams  in  this  region 
(Adams,  1985;  Turner,  1984;  Wallace,  1981).  This  is 
very  much  related  to  the  fact  that  environmental 
factors  and  traditional  agricultural  systems  were  not 
adequatc'ly  examined  during  the  project  planning  stage. 


The  Environmental  Setting 

The  area  of  interest  (Figure  1)  is  located  in  a 
semi-arid  region  of  northern  Nigeria,  a  region  where 
harsh  climatic  conditions  place  extreme  limitations  on 
agricultural  production.  Water,  a  very  scarce 
commodity,  is  concentrated  along  a  few  narrow  river 
valleys  and  their  floodplains  (fadama).  These  river 
valleys  form  axes  along  which  dense  human  settlement 
and  agricultural  activity  have  developed.  Water 
concentrated  along  these  floodplains  during  the  wet 
season  allows  rice  and  other  flood-tolerant  crops  to  be 
grown.  During  the  dry  season,  onions,  peppers, 
tomatoes,  tobacco  and  other  high  value  crops  can  be 
grown  by  either  relying  on  residual  soil  moisture  or  by 
using  simple  irrigation  methods.  In  addition  to 
providing  a  valuabie  source  of  water,  the  rivers  also 
carry  large  amounts  of  sediment  which  are  annually 
deposited  across  the  floodplain  during  the  rainy  season, 
thereby  renewing  the  fertility  of  floodplain  soils. 

Over  centuries,  the  farmers  who  cultivate  these 
floodplains  have  develop  3d  very  sophisticated  levels  of 
adaption  to  the  flooding  regimes  of  these  rivers. 
Consequently,  an  advanced  agro-ecological  system  has 
developed  at  a  micro-scale  which  is  sensitive  to 
seasonal  and  annual  changes  in  climate  and  the 
physical  environment.  By  the  mid  20th  century, 
however,  population  pressure,  a  series  of  droughts  and 
the  increasing  threat  of  desertification  caused 
considerable  interest  in  the  possibility  of  enhancing  the 
agricultural  potential  of  the  region  using  modern 
irrigation  methods.  Consequently,  several  large-scale 
dams  were  built  across  the  major  rivers.  The  rationale 
was  that  the  controlled  release  of  water  stored  in 
reservoirs  would  allow  a  predictable  flood  during  the 
wet  season  and  provide  water  for  irrigation  during  the 
dry  season. 

Impacts  of  Dam  Construction 

Dams  constructed  across  the  Sokoto  River  at 
Bakolori  in  1979  and  the  Rima  River  at  Goronyo  in 
1983  have  altered  the  natural  flooding  regimes  of  these 
rivers.  Water  needed  to  fill  the  reservoirs  during  the 
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Figure  1:  Map  of  the  study  area 


wet  season  and  to  supply  olTstream  irrigation  schemes 
has  reduced  the  maximum  flood  level  in  downstream 
areas  (Figure  2).  As  a  result,  large  portions  of  the 
downstream  floodplain  are  no  longer  inundated  during 
the  wet  season.  By  reducing  natural  ground  water 
recharge  during  the  wet  season,  floodplain  pools  dry  up 
more  quickly  during  the  dry  season  and  the  level  of 
water  in  wells  is  lowered.  In  some  cases  wells  have 
dried  up  altogether.  Although  the  flow  of  water  in 
those  sections  of  the  river  channels  that  were 
previously  seasonal  is  now  perennial,  it  is  only 
available  to  farmers  who  have  fields  adjacent  to  the 
rivers  and  who  have  the  means  of  transporting  the 
water  to  their  fields  (e.g.,  by  gasoline-powered  pumps). 
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Figure  2:  Gauge  height  data  for  the  Rima  River 


A  large  amount  of  sediment  is  trapped  in  the 
reservoirs  reducing  sediment  deposition  downstream. 
This  has  not  only  reduced  the  fertility  of  floodplain 
soils,  but  has  also  increased  the  erosive  capacity  of  the 
rivers.  Due  to  reduced  levels  of  sedimentation,  farmers 
find  that  they  have  to  use  more  manure  or  fertilizers 
on  their  farms  to  obtain  the  same  level  of  crop 
production.  As  a  consequence,  by  permanently  altering 
natural  floodplain  processes,  the  agricultural 
productivity  of  downstream  floodplain  areas  has  been 
significantly  reduced  and  in  some  cases  floodplain  land 
has  been  taken  out  of  cultivation  altogether. 

Very  little  can  be  done  to  reverse  the  effects  of 
these  dams.  Remedial  measures  aimed  at  optimizing 
the  use  of  the  remaining  floodplain  water  resources 
must  therefore  be  considered.  For  such  measures  to  be 
successful,  however,  information  on  the  precise  location 
and  nature  of  downstream  impacts  is  required  to 
determine  precisely  the  amount  and  duration  of  flood 
needed  during  the  wet  season  or  where  diversion 
canals,  bore  holes  or  pumps  need  to  be  located. 

Any  such  assessment  would  require  appropriate 
multitemporal  information  regarding  conditions  before 
and  after  construction  of  the  dams.  Although 

information  about  the  current  situation  may  be 
obtainable,  the  lack  of  any  baseline  study  means  that 
there  are  little  data  on  pre-dam  conditions.  It  is  under 
such  conditions  that  remote  sensing  techniques  using 
satellite  imagery  can  offer  an  efficient  method  of 
providing  information  that  is  neither  technically  nor 
economically  feasible  to  obtain  by  conventional  ground- 
survey  methods. 

In  this  paper,  procedures  for  obtaining  useful 
spatial  data  from  multidate  and  multiresolution 
satellite  imagery  and  for  integrating  these  data  in  a 
geographic  information  system  with  other  existing  and 
derived  data  sources  are  described. 

Data  Inputs  and  Map  Creation 

The  data  input  into  the  SPANS  geographic 
information  system  were  diverse  (Table  1).  Soil  and 
baseline  data  were  hand  digitized  on  a  Gentian 
digitizer  using  the  TYDAC  SPANS  digitizing  package 
TYDIG.  Multidate  Landsat  MSS  and  TM,  and  SPOT 
XS  and  P  images  were  initially  geometrically  corrected 
on  a  Dipix  ARIES  III  Image  Analysis  System. 
Multidate  enhancements  and  image  classifications  were 
conducted  and  the  resultant  images  were  transferred  to 
a  mainframe  VAX  for  further  data  processing  using  an 
"enhanced  classification"  procedure  developed  by  Pilon 
et  al.  (1988).  The  raw  imagery,  original  classified 
images  and  the  change  results  were  imported  into 
SPANS  as  raster  data. 

Point  data  defining  the  field-specific  location  of 
administered  questionnaires  and  field  survey  data,  and 
the  locations  of  wells  and  pumps  were  hand  digitized. 
By  employing  a  systematic  field-survey  approach, 
interpolation  between  point  data  sources  was  possible. 
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This  allowed  thematic  maps  representing  spatial 
variations  in  flooding,  crop  productivity,  etc.  to  be 
produced  from  the  questionnaire  and  field-survey  data. 

Table  1:  Data  inputs  to  the  GIS 


EXISTING  DATA  SOURCES 

•  Soils  map 

•  Baseline  data  from  topographic  maps  (roads,  rivers 
etc.) 

REMOTE  SENSING  DATA  SOURCES 

•  Pre-dam  and  post-dam  land  use/cover  information 

•  Location  of  land  use/cover  change 

•  Vegetation  density  mapping  (using  vegetation 
indices) 

•  Location  of  changes  in  vegetation  density 
DERIVED  DATA  SOURCES 

From  baseline  information 

•  (e.g.,  buffer  zones  around  roads,  riversj 
From  questionnaire  I  survey  data 

•  Field-specific  responses  regarding  changes  in 
flooding,  cropping,  crop  productivity,  fertilizer  use. 

•  Buffer  zones  derived  from  well  and  pump  locations 


Vector  and  point  data  could  also  be  converted 
into  thematic  maps  by  creating  corridors  or  buffer 
zones  around  points  or  lines.  This  was  particularly 
important  for  this  study  because  the  distance  from  the 
rivers,  wells  or  pumps  was  important  in  assessing  the 
downstream  impacts  of  dam  construction. 

Data  Analysis 

The  downstream  impacts  of  the  Bakolori  and 
Goronyo  dams  have  been  recognized  for  some  time. 
This  is  evidenced  in  the  testimony  of  farmers  who, 
since  the  construction  of  the  dams,  have  continually 
requested  greater  wet-season  water  release  from  the 
dams.  The  use  of  multitemporal  satellite  data  provides 
an  efficient  way  of  providing  appropriate  information 
needed  to  properly  address  these  concerns. 

Initial  analysis  using  satellite  imagery  focused  on 
the  effects  of  the  Bakolori  project.  Landsat  MSS 
in'ages  were  obtained  for  anniversary  dates  before  and 
after  construction  of  the  Bakolori  dam  (December  1975 
and  1984).  Using  fairly  simple  multidate  enhancement 
and  image  classification  procedures,  generalized 
information  on  the  location  and  nature  of  agricultural 
land  use/cover  change  in  floodplain  areas  downstream 
of  the  dam  were  obtained.  It  was  concluded  from  the 
initial  investigations  that  significant  changes  had 
indeed  occurred  in  downstream  areas  which  could  not 
simply  be  attributed  to  variable  climatic  conditions,  or 
traditional  cropping  techniques,  such  as  crop  rotation 
or  bush  fallowing. 

Although  change  was  apparent,  one  could  only 
infer  that  these  changes  in  agricultural  land  usc/cover 
were  directly  related  to  the  effects  of  dam  construction 


because  other  important  information  on  changes  in 
flooding,  crop  productivity  and  the  location  of  wells  and 
pumps  was  not  available.  Consequently,  it  was  decided 
that  a  GIS  approach  would  allow  more  comprehensive 
evaluations  to  be  made  of  the  impacts  of  dam 
construction  in  these  downstream  areas. 

Once  the  required  data  layers  had  been  compiled, 
co-registered  and  input  into  the  TYDAC  SPANS 
Geographic  Information  System,  overlay  analysis  was 
used  to  identify  those  areas  which  were  most  adversely 
effected  by  dam  construction.  This  involved  weighting 
the  attributes  in  each  data  layer  with  regard  to  their 
level  of  influence. 


Preliminary  Results 

The  results  of  the  overlay  analysis  indicates  that 
the  impacts  of  dam  construction  are  not  equal  in  all 
downstream  areas.  The  impacts  vary  laterally  as  one 
moves  farther  from  the  main  river  courses.  Table  2, 
for  example,  indicates  that  since  the  construction  of  the 
Bakolori  and  Goronyo  dams  (approximately  6-10  years) 
over  50%  of  the  area  studied  is  no  longer  flooded 
during  the  wet  season.  Of  those  areas  that  have  not 
flooded  in  over  5  years  80%  are  located  at  distances  of 
more  than  500  meters  from  the  main  river  courses. 


Table  2;  Last  flooding  from  main  rivers 


SINGLE  MAP  ANALYSIS 

Map  :  LAST  FLOODING  FROM  MAIN  RIVERS  (years) 
Window:  00  -  Universe 


Class  Legend 

Area 

(%) 

Cum 

Area 

Area 
(km  sq) 

1 

<  2  years 

2.15 

2.15 

0.12605 

2 

02  -  04 

6.83 

8.99 

0.40017 

3 

04  -  06 

9.68 

18.67 

0.56704 

4 

06  -  08 

16.85 

35.52 

0.98685 

5 

08  -  10 

12.89 

48.41 

0.75468 

e 

10  -  12 

10.84 

59.25 

0.63484 

7 

12  -  14 

9.30 

68.55 

0.54465 

8 

->  14 

5.88 

74.43 

0.34431 

9 

Upland  Areas 

25.57 

100.00 

1.49755 

Total  o£  9  classes 

100.00 

5.85614 

Table  3  is  the  result  of  comparing  four  data 
layers.  These  are:  1)  distance  from  rivers;  2)  distance 
from  wells  and  pumps;  3)  years  since  last  flood;  and,  4) 
change  in  crop  productivity.  Individual  attributes  for 
each  data  layer  were  assigned  ?.  weighting  factor 
between  0  and  10.  For  example,  areas  within  100 
meters  of  a  river  were  assigned  a  weighting  factor  of  1 
while  those  areas  over  1000  meters  were  assigned  a 
weighting  factor  of  10.  Index  level  6  in  Table  3,  for 
example,  represents  those  areas  more  than  600  meters 
from  a  river  which  are  also  more  than  600  meters  from 
a  well  or  pump,  which  have  not  flooded  in  8  to  10 
years  and  have  experienced  decreased  crop  productivity. 
The  higher  the  index  value  for  a  given  area,  the 
greater  the  need  for  remedial  measures  such  as 
installing  new  wells  or  pumps. 


Preliminary  evaluations  of  the  satellite  derived 
data  also  confirm  these  results.  Information  on  land- 
use  change  indicates  that  dry  season  cultivation  which 
was  widespread  across  floodplain  areas  in  the  past  is 
now  concentrated  along  the  mgjor  rivers.  Not  only 
has  the  total  area  of  cultivated  floodplain  been  reduced, 
many  floodplain  areas  show  conversion  to  lower  value 
crops  which  are  characteristically  grown  only  on  poorer 
upland  soils. 


Tabic  3:  Areas  requiring  new  wells  or  pumps 


SINGLE  MAP 

ANALYSIS 

Map 

Areas 

requiring 

new  wells 

or  pumps 

Window; 

00  -  Universe 

Class  Logond 

Area 

Cum 

Area 

(%) 

Area 

(km  sq) 

1 

Index 

10 

0.65 

0.65 

0.03803 

2 

Index 

9 

4.88 

5.53 

0.28580 

3 

Index 

8 

6.75 

12.28 

0.39544 

4 

Index 

7 

7.51 

19.79 

0.43978 

5 

Index 

8 

11.95 

31.74 

0.69970 

6 

Index 

5 

12.90 

44.64 

0.75560 

7 

Index 

4 

17.48 

62.12 

1.02371 

8 

Index 

3 

7.27 

69.39 

0.42568 

3 

Index 

2 

4.71 

74.11 

0.27600 

10 

Index 

1 

0.32 

74.43 

0.01887 

11 

Index 

0 

25.57 

100.00 

1.49755 

Total  o£  11  classes 

100.00 

5.85614 
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Conclusions 

Had  the  effects  of  the  Bakolori  and  Goronyo 
dams  on  downstream  floodplains  been  properly 
assessed  and  been  included  in  initial  project 
evaluations,  they  siiould  have  been  enough  to  prevent 
or  alter  development  of  these  projects.  That  they  were 
not  is  a  considerable  problem  for  the  entire  region,  and 
is  indicative  of  some  of  the  problems  with  the  project¬ 
planning  process  in  many  developing  countries. 

Post-dam  remedial  measures  must  optimize  the 
use  of  the  remaining  water  resources  in  those  areas 
which  are  most  adversely  effected.  The  types  of 
information  obtainable  from  remote  sensing/GIS  data 
integration  which  have  been  outlined  may  be  useful  for 
identifying  specific  areas  where  diversion  canals,  new 
wells  or  the  installation  of  pumps  may  be  required  to 
sssist  locsl  fsrniors 
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ABSTRACT 

A  portion  of  the  South  Mountain  Batholith  (SMB)  west 
of  Halifax  was  selected  as  an  area  sui.tahle  for  use 
in  an  integrated  remote  sensing/geographic  inform¬ 
ation  system  (GIS)  investigation  in  a  humid  climate 
with  an  aim  towards  extracting  structural  and 
lithologic  information.  Thematic  Mapper  (TW) 
imagery  over  this  area  was  processed  and  enhanced 
to  allow  for  detailed  lineanent  mapping  and  the 
detection  of  possible  outcrop  distribution.  "Above¬ 
threshold"  radioelement  contours  were  digitized 
and  then  transferred  from  a  GIS  to  an  image  analysis 
system  (IAS)  where  they  were  superimposed  upon  tl'.e 
TM  imagery  to  indicate  areas  vrtiere  more  evolved 
granites  are  liitely  to  be  located.  Through  an 
interface  of  the  IAS  and  GIS,  a  final  output  map 
delineating  lineaments,  potential  outcrop  occur¬ 
rences,  and  areas  of “above-threshold" radioelement 
values  was  produced.  Eicanunation  of  the  GIS  data¬ 
base  in  ccnjunctiO!  with  satellite  Imagery  assists 
in  adding  to  the  knowledge  of  the  existing  geology 
and  would  serve  as  a  ocmpJiment  to  a  ground-based 
mineral  exploration  program. 

Key  words:  integration,  GIS,  IAS,  Geology,  Halifax 
Plubon 

INIRODUCnCW 

A  remote  sensing/GIS  data  Integration  study  was 
carried  out  over  an  area  of  granitoid  rocks  with 
variable  glacial  deposits  and  vegetative  cover. 

The  data  integration  resulted  in  the  creation  of 
an  interpretive  map  that  met  the  following 
objectives: 

1.  Map  lineaments. 

2.  Map  eureas  of  probable  outcrop. 

3.  Suggest  regions  of  different  granite  phases, 

4.  Outline  eu-eas  for  potential  mineral  exploratian. 

The  Study  Area 

The  study  area  is  approximately  600  km^  and  is 
located  in  the  northeast  portion  of  the  South 
Mountain  Batholith,  (SMB)  fron  Halifax  to  St. 
Margarets  Bay  (Fig.l).  This  area  contains  Devon© 
Carboniferous  granitoid  rocks  of  the  SMB  which 
intrude  Cambro-Ordivioian  metasedimentary  rocks 
of  the  Meguma  Group.  Meguma  Group  quartzites 
(Goldenville  Formation)  and  slates  (Halifax 
Formation)  contact  SMB  granites  to  the  north  and 


Figure  1  -  Location  of  the  Study  Area 

northeast  parts  of  the  study  area.  The  peraluminus 
rocks  of  the  £3®  ccmprise  a  oogenetic  suite  ranging 
from  granodiorite  to  monzogranite  (Mckenzie  and 
Clarke,  1975).  The  topography  of  the  area  is  low 
and  hilly  with  numerous  lakes.  Glacial  till 
covers  most  of  the  area. 

MEnnonoLOGv 

The  following  procedure  was  used: 

1.  Enter  lake  and  coastline  boundary  coordinates 
from  the  topographic  nap  into  the  GIS  to  create 
a  digital  basemap. 

2.  Enter  coordinates  for  selected''above-threshold ' 
eU,  eTh,  and  eU/eTh  contour  values  from  air¬ 
borne  gamma-ray  spectrcmetric  contour  maps 
into  the  datable. 

3.  Transfer  the  GIS  data  to  an  IAS  and  resample 
the  satellite  imagery  to  fit  the  GIS  data. 

4.  Qihance  sate’Ute  data  using  contrast  stretches, 
principal  cc  onent  analyses,  and  spatial 
filtering. 

5.  Extract  11  ents  from  enlianced  satellite 
images  us.  ^  slide  projections,  digitize  and 
enter  into  ohe  database. 

6.  Highlight  probable  outcrop  areas  using  band- 


2020 


ratio  images  and  principal  cm^onent  a)«lysos. 
Classify  and  transfer  probable  outcrop  thares 
back  into  the  CIS  database, 

7.  Generate  cemposite  interpretive  linoa-nent- 
outcrop  map  fren'  final  GIS  database  - 

8.  Interpret  geology  using  the  interpret i-.-e  map 
and  satellite  Imagery  with  and  without  lAtio- 
elanent  contour  overlays. 

INrERT'RBTATIONS  AND  DISCUSSICMS 

Interpretation  of  the  dataset  was  initially  carried 
out  by  Shupe  (1987)  then  followed  up  by  Shupe  and 
Akhavi  fin  press) .  The  present  investigation  is 
presented  in  response  to  the  recent  publication  of 
an  updated  geological  map  (MacDonald  and  Home  1987) . 
A  comparison  of  the  remote  sensing/GIS  database 
interpretations  with  the  new  geologic  map  (Fig.  2) 
has  resulted  in  a  superior  demonstration  of  the 
usefulness  of  the  integration  process. 

Structure 

Examination  of  the  interpretive  nap  (Fig.  3)  reveals 
that  a  significant  number  of  lineaments  were 
detected  from  the  enhanced  Thematic  Mapper  data. 

The  prominence  of  a  number  of  these  features  on  the 
satellite  data  indicates  that  fracturing  in  the 
grannites  is  likely  the  cause.  For  example,  criss¬ 
crossing  lineaments  in  the  southeast  are  interpreted 
as  conjugate  fractures,  similar  to  patterns  observ¬ 
able  in  aerial  photographs  of  exposed  granitic  rocks. 
A  significant  NW  trending  lineament  located  to  the 
NE  of  Big  Five  Bridge  Lake  is  clearly  visible  as 
a  tonal  boundary  on  the  satellite  Images  between 
two  areas  of  different  physiografbies.  This  hints 
that  a  lithological  difference  may  be  present  and 
that  the  lineament  might  be  a  portion  of  the  contact. 

Several  lineaments  are  noted  for  their  extensiveness, 
such  as  the  one  tlrrough  long  and  Fraser  Lakes,  and 
the  one  below  Govenors  La)ie.  These  eire  interpreted 
as  possible  faults.  In  the  NE  of  the  study  area 
above  Bedford  Basin,  a  lineament  pattern  is 
observed  on  the  TM  imagery  which  is  the  result  of 
folding  in  the  metasedimentary  rocks.  The  trace 
of  fold  axes  parallel  to  this  structure  can  be 
presumed  to  possibly  exist  in  seme  adjacent  line¬ 
aments  with  similar  trends. 

Lithology 

*  '' 

Observation  of  the  location  of  the  above-threshold 
radioelement  contours  suggests  that  granites  of 
increased  differentiation  and  different  oemposition 
are  present.  Furthermore,  the  significant  NW 
trending  lineament  within  the  eU  =  3  and  eO/elh  =  1 
contours  hints  that  a  contact  exists  here.  An 
imaginary  line  curving  northward  from  the  southeast 
of  Big  Five  Bridge  I.ake  to  just  southeast  of  Frasers 
Lake  is  the  approximate  boundcury  of  concentrations 
of  lineaments  in  the  western  half  of  the  study  area. 
This  evidence  suggests  that  this  boundary  represents 
an  approximate  termination  of  a  litliologic  unit  and 
that  tlie  fractures  might  be  confined  to  this  unit. 

Data  for  Mineral  Ejploration 

Information  can  be  derival  from  the  interpretive 
map  which  may  be  useful  for  mineral  exploration. 
Lineaments  can  be  of  use  in  locating  fractures  or 
contacts  where  mineralization  is  localized,  eU 
and  elVeTh  values  can  indicate  more  differentiated 
granites  (Ford  and  O'Reilly,  1985),  and  areas  of 


proteble  ou  crop  can  point  cut  sites  in  the  fieid 
M'.ere  ritlw.ogic  conditions  can  be  Investigated. 
Based  on  the  interpretive  map  (Fig, 3)  the  location 
most  conduci  o  for  exploration  would  be  in  the 
westem  lialf  of  the  study  area  wiuhin  the  over- 
laiping  eU  =  \  ppm  and  eU/eUi  =  1  contour.  Several 
fair-sized  IL  eamente  and  areas  of  probable  outcrc^ 
also  occur  he!  5  to  suture  exploration. 

Discussion 

The  structural  ard  lithologic  interpretations  based 
upon  the  interpretive  map  ei'a  satellite  inogety  have 
been  assessed  with,  respect  to  a  recetit  geologic  map 
(MacDonald  and  Hon-.e,  1987)  vhilch  spans  the  study 
area,  Tiiis  map  inoonporates  lineaments  derived 
frau  air  photos  wi'.ich  correspond  to  a  number  of 
lineaments  frrm  the  interpretive  map.  Sow?  have 
no  correspondence.  Hcjwover,  most  significeifitly, 
some  of  the  most  distinct;  lineaments  frem  the 
enhanced  satellite  Images  do  not  afpear  on  the 
geologic  map  suggesting  that  some  major  structural 
features  ray  be  unreoognized. 

On  an  earlier  geologic  map  of  the  area  (Keppie, 

1979)  essentially  all  of  the  area  below  Halifax  was 
itapped  as  a  single  monzogranite.  The  remote 
sensing  data  suggest  otherwise.  The  recent  geologic 
map  supports  su&h  observations.  Two  leucononzo- 
grani1.e  bodies,  probably  connected  at  depth,  have 
been  mapped  to  lie  within  the  anomalous  eU  and  eU/' 
eTh  contours.  Furthemore,  their  southenr  termini, 
as  located  on  the  geology  map,  quite  closely  lie 
on  the  significant  Ni'J  lineament  located  NW  of  Big 
Five  Bridge  Lake.  This  lineament  marks  the 
boundary  tetween  two  areas  of  differing  tonal  and 
textural  patterns.  In  addition,  a  change  from 
monzogranite  to  leuexamonzogranite  occurs  on  the 
geology  map  and  the  western  contact  roughly  follows 
the  trace  of  lineament  concentration  terminations 
mentioned  above.  Mapped  geologic  boundaries  are  in 
these  cases  afproximate,  being  based  on  boulder 
distributions.  In  this  study  it  appears  t)iat 
enhanced  satellite  Images  can  provide  valid  in¬ 
sights  into  the  subsurface  geology  and  can  be  an 
aid  in  mapping. 

(3»JCLUSiaiS 

A  remote  sensing/GIS  data  Investigation  was  under¬ 
taken  to  derive  information  for  the  study  of 
geology  over  a  granitoid  area.  Interpreted 
information  fretn  a  composite  GIS  produced  basemap 
and  enhancea  Landsat  TM  imagery  was  coipared  to  a 
geologic  mp  published  post  to  the  initial  invest¬ 
igation.  Information  derived  fran  this  study  was 
found  to  have  significant  similarities  to  the 
published  information  collected  from  geological 
studies  that  were  based  on  field  work.  This 
suggests  that  further  refining  of  the  geologic  map 
is  possible.  In  conclusion,  this  study  Indicates 
that  geological  work  can  benefit  from  remote 
sensing/GIS  data  integration  techniques. 
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ABSTRACT 

In  order  to  be  an  effective  tool  for  resource  management, 
Geographic  Information  Systems  (GIS’s)  require  access  to 
information  that  is  not  only  comprehensive,  standardized, 
digital,  and  current,  but  is  also  available  Province-wide.  Much 
of  the  existing  provincial  resource  mapping  fails  to  meet  one 
or  more  of  these  criteria.  In  an  attempt  to  overcome  this  lack 
of  suitable  data,  a  method  is  being  prototyped  that  uses 
digital  topography  and  satellite  imagery  to  provide  a  geo- 
referenced  resource  database  of  ground  cover,  present  land 
use  and  topographic  features.  This  product  is  called  a 
Baseline  Tliematic  Map.  Technical  obstacles  which  are  being 
addressed  include;  registration  issues  (including  relief 
displacement),  raster  and  vector  format  conversions 
(particularly  as  related  to  object  definition  and  retention  of 
attributes),  and  topographic  segmentation  of  digital  elevation 
models.  Results  have  shown  that  an  economically  valuable 
database  can  be  produced  that  is  standardized,  reliable,  up- 
to-date  and  suitable  for  use  by  resource  managers  in  their 
day-to-day  decision  making. 


INTRODUCTION 

The  management  of  British  Columbia’s  natural  resources  is 
becoming  an  increasingly  complex  task.  Reasons  for  this  trend 
include:  a  realization  that  our  future  prosperity  depends  upon 
present  decisions,  a  shift  from  resource  inventories  to  site 
specific  management,  integrated  and  coordinated  management 
of  multiple  resources,  and  a  requirement  to  more  strictly 
monitor  and  regulate  environmentally  harmful  substances  and 
activities.  The  economic  consequences  of  resource 
management  decisions  are  very  significant  for  British 
Columbia’s  economy. 

Adequate  knowledge  of  the  land  and  its  resources,  including 
the  capability  to  analyse  this  information  is  a  prerequisite  of 
proper  resource  management.  With  the  advent  of  Geographic 
Information  Systems  (GIS’s),  the  resource  manager  is  provided 
with  an  essential  and  powerful  tool  which  has  the  potential 
to  efficiently  meet  the  requirement  for  information  analysis. 
For  such  a  tool  to  be  effective  in  a  manager’s  ongoing 
activities,  it  requires  ace  •  to  resource  information  that  is  not 
only  reliable,  comprel'.  .ive,  standardized,  digital,  and  up-to- 
date,  but  is  also  availab'e  Province-wide.  In  this  regard  an 
examination  of  the  rest”  ce  mapping  carried  out  to  date  in 
the  Province  leads  to  ,  .  conclusion  tha,  much  of  it  is  not 
suitable  for  use  in  a  GIS. 


In  addition  it  has  become  increasingly  difficult  to  justify  new 
natural  resource  mapping  using  traditional  methods  for  two 
reasons:  time  and  cost.  In  an  attempt  to  overcome  these 
limitations  for  the  successful  implementation  of  GIS  for 
resource  management,  an  efficient,  cost  effective  method  using 
presently  available  data  sources  to  provide  suitable  geo- 
referenced  natural  resource  map  data  is  being  prototyped. 
The  final  objective  is  a  product  capable  of  justifying  a 
production  level  implementation. 

The  method  involves  the  production  of  three  natural  resource 
data  bases,  specifically;  ground  cover,  present  land  use  and 
topographic  features.  After  integration  into  a  single  database 
the  resultant  product  is  called  a  Baseline  Thematic  Map. 
The  databases  are  derived  from  an  integration  of  digital 
topography  and  satellite  imagery  by  a  series  of  procedures 
involving  image  analysis,  modelling  and  GIS  processing. 


EXISTING  PROVINCIAL  NATURAL  RESOURCE 
DATABASES 

From  a  Province-wide  perspective  only  forest  cover  (at 
1:20,000)  and  stream  and  river  networks  (at  1:50,000)  have 
extensive  coverage  and  are  available  in  a  digital  form.  Digital 
soils  maps  (at  1:50,000)  cover  about  25%  of  the  Province.  For 
limited  areas  (including  East  Vancouver  Island,  the  Lower 
Fraser  Valley,  and  the  Okanagan  Valley)  a  greater  number 
of  resource  themes  are  available  digitally. 

Much  of  the  existing  resource  mapping  was  done  following 
different  methodologies  and  at  a  variety  of  scales.  For  most 
themes  the  majority  of  the  Province  is  not  mapped  and  the 
mapping  that  is  available  is  typically  10  to  20  years  old.  For 
many  themes  the  information  is  still  not  digitized.  In  some 
cases  the  base  maps  used  to  geo-reference  the  data  are  not 
of  high  quality,  and  as  well  different  bases  for  the  same  area 
have  often  been  used  for  different  themes. 

The  length  of  time  to  complete  a  traditional  resource 
mapping  project  is  usually  two  to  three  years  or  more.  Typical 
costs  per  hectare  for  a  single  theme  mapping  project  range 
from  $0.30  to  $0.46  for  most  reconnaissance  level  1:50,000 
mapping.  In  the  case  of  broad  reconnaissance  1:250,000 
mapping  this  figure  ranges  from  $0.02  to  $0.03  per  hectare. 
Single  theme  detailed  mapping  at  a  scale  of  1;20,000  costs 
$1.85  TO  $9.00  per  hectare,  depending  upon  ease  of  access 
and  intensity  of  mapping.  These  costs  include  laboratory 
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analyses,  all  data  coding  and  entry,  map  digitizing,  and 
editing  For  a  single,  typical.  National  Topographic  Scrici 
(NTS)  1:50,000  mapsheet  the  costs  range  from  $26,000  to 
$40,000  and  from  $30,000  to  $80,000  for  a  NTS  1:250,000 
mapsheet.  The  costs  for  a  British  Columbia  Geographic 
System  (BCGS)  1:20,000  mapsheet  vary  from  $26,000  to 
$126,000  Economies  are  achieved  on  multiple  theme  projects, 
with  costs  per  theme  on  a  two  theme  project  averaging  about 
of  those  given  ati  "c  and  foi  a  three  theme  project 
about  75%  of  those  figures. 

These  high  costs  provide  opportunities  for  other  methods  to 
fulfil  the  information  requirements  of  Provincial  resource 
management,  especially  if  the  mapping  can  be  accomplished 
in  a  timely  manner. 


GOVERNMENT  INITIATIVES 

The  economic  potential  of  GIS  technology  to  support  planning 
and  decision  making  has  been  realized  by  the  Government  of 
British  Columbia.  As  a  result  a  number  of  significant 
initiatives  are  underway  to  implement  this  technology  in  the 
day-to-day  business  of  the  Province.  Three  such  initiatives  are 
ot  particular  relevance  lO  the  case  at  hat.d.  Firstly,  the 
Ministry  of  Crown  Lands  is  developing  a  corporate  Land 
Information  Strategic  Plan  to  guide  the  developinent  of  an 
infrastructure  to  support  the  exchange  of  data  between 
government  ministries,  Crown  corporations  and  the  private 
sector  Secondly  the  Ministry  of  Forests  is  designing  a  Timber 
Supply  Analysis  System  using  GIS  technology  to  support  the 
resource  management  planning  for  Timber  Supply  Areas. 
Thirdly  the  Ministry  of  Environment  is  planning  a  GIS 
implementation  strategy  that  will  meet  the  business  goals  and 
objectives  of  the  Ministry’s  administration,  monitoring  and 
planning  roles. 


SPECIFIC  RESPONSE  TO  THE  REQUIREMENT  FOR 
NATURAL  RESOURCE  DATABASES 


The  task  then  is  to  produce  a  usable  resource  database  in  a 
cost  effective  and  timely  manner.  Past  pilot  projects  under 
taken  by  the  Surveys  and  Resource  Mapping  Branch  have 
shown  that  classification  of  satellite  imagery  can  meet 
traditional  map  accuracy  specifications  (Kenk  et.  ah,  1988). 
Results  reported  in  the  literature  indicate  that  by  including 
topographic  information  the  number  of  classes  mapped  can 
be  increased  while  maintaining  map  accuracy  (Chibula  et.  ah, 
1687)  Improvements  in  digital  classification  through  the  use 
of  ancillary  data  (including  digital  elevation  data)  can  be 
achieved  in  three  ways’  incorporating  those  data  either  before, 
during  or  after  classification,  through  stratification,  classifier 
operations  or  post  classification  sorting  (Hutchinson,  1982). 


The  method  being  prototyped  involves  the  production  of  three 
themes:  ground  cover,  present  land  use  and  topographic 
features.  The  area  chosen  for  this  initial  work  is  in  the 
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82  E  and  82  L/3. 


The  ground  cover  database  provides  the  generalized  type, 
extent  and  distribution  of  pre.sent  vegetation  co'  er.  The  main 
criteria  for  classification  is  vegetation  structure  and 
composition  (i.e.  physiognomy).  The  initial  classification  from 
the  satellite  imagery  is  refined  using  the  relationship  between 


specific  vegetation  distribution  and  topography.  The  ground 
cover  theme  is  extended  to  include  some  detail  on  water 
bodies,  wetlands,  rock  outcrops  and  the  like. 

The  present  land  use  theme  provided  is  based  on  a  modified 
form  of  the  "Land  Use  Classification  in  British  Columbia" 
(Sawicki  et.  ah,  1986).  The  level  of  classification  is  restricted 
10  land  area-based  uses  versus  site  uses.  Site  uses  of  the  land 
are  generally  not  extensive  enough  to  be  identified  on  satellite 
imagery.  It  should  be  noted  that  a  combination  of  spectral 
classification  of  sa  '  He  imagery  and  interpretation  is  used 
to  produce  the  pre  .  land  use  classification. 

Tlie  topographic  features  database  is  derived  by  segmenting 
the  digital  elevation  model  (DEM)  into  significant  landscape 
units.  These  units  are  described  in  both  raster  and  vector 
format.  Watershed  boundaries  are  delineated.  Attributes  that 
are  attached  to  these  units  are  the  maximum,  minimum,  and 
mean  values  for:  elevation,  slope  and  aspect.  Also  included 
are.  area,  surface  irregularity,  and  surface  shape.  Potential 
solar  radiation  received  is  also  calculated.  It  is  anticipated 
that  these  attributes  will  significantly  add  value  to  the  final 
Baseline  Thematic  Map  product  for  many  users. 

The  satellite  imagery  utilized  is  presently  Landsat  TM,  which 
has  good  spectral  information  for  the  identification  of  ground 
cover  and  for  interpreting  present  land  use.  SPOT  data  has 
been  used  on  a  limited  basis  and  its  higher  resolution  is 
useful  for  identifying  features  such  as  new  roads.  Although 
not  presently  being  used,  airborne  scanner  data  could  also  be 
utilized  where  appropriate  but  provincial  coverage  is 
limited.Two  versions  of  the  product  are  being  prototyped,  one 
suitable  for  use  at  1.250,000  and  the  other  at  1:20,000.  These 
two  versions  correspond  to  the  two  available  topographic  data 
seus.  The  digital  elevation  model  for  the  1:250,000  version  will 
be  supplied  from  scanned  1:250,000  NTS  mapsheets.  Energy 
Mines  and  Resources  Canada  has  scanned  more  than  half  of 
the  sheets  covering  B.C.  and  expects  to  complete  this  work  by 
the  end  of  this  year.  The  Terrain  Resources  Information 
Management  (TRIM)  program  (the  creation  of  1:20,000  digital 
base  mapping  for  B.C.)  will  supply  the  digital  elevation 
models  for  the  1:20,000  version.  Presently  there  are  about  500 
of  the  7000  map  sheets  completed  with  a  current  production 
rate  of  approximately  700  map  sheets  per  year. 


METI-IODOLOGY 


In  the  followi.ng  discussion  the  emphasis  is  placed  on  those 
tasks  Ahere  critical  technical  limitations  had  to  be  overcome 
for  the  process  to  proceed.  These  include,  relief  displacement 
correction,  raster  to  vector  format  conversions  particularly 
with  regard  to  att.iched  attributes,  and  topographic 
segmentation  of  digital  elevation  models.  Figure  I  presents  an 
outline  of  the  methodology. 


For  the  1.20,000  version  the  new  digital  mapping  from  the 
TRIM  program  will  be  the  base  map  of  choice.  For  the 
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will  provide  the  base  map.  Ttie  datum  for  the  prototype  work 
is  NAD  83  (North  Amc  lean  Datum  1983).  It  is  envisioned 
that  all  provincial  mapping  will  migrate  to  NAD  83  over  the 
next  five  years.  Transformations  to  other  datums  (NAD  27) 
and  projections  are  well  defined  for  those  users  desiring  them. 


The  first  manipulation  of  the  input  data  is  to  co-register  the 
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different  data  sets  (imagery,  OEM’s,  and  other  ancillary  map 
data).  Obviously  the  precision  requirements  are  greater  for 
a  scale  of  1:20,000  compared  to  1:250,000.  Because  some  of 
the  input  data  will  be  used  to  produce  both  versions  of  the 
final  product  it  is  logical  to  register  the  data  sets  to  the 
higher  precision  requirements.  If  this  is  done  at  the  outset 
then  scale  transformations  will  not  result  in  location  changes 
due  to  different  registration  standards.  To  avoid  any 
systematic  subpixel  misregistration  all  rasters  follow  the  same 
convention  about  the  origin  with  respect  to  the  reference 
UTM  grid.  UTM  coordinates  ending  in  00  (i.e.  every  100 
metres)  align  with  the  boundary  between  pbtels.  Fbcel  sizes 
are  chosen  in  a  nested  hierarchy  as  follows:  6.25,  12.5,  25,  50, 
and  100  metres.  The  actual  size  is  dependant  upon  the  data 
utilized  and  the  mapscale  produced.  For  example,  at  1:20,000 
scale  mapping,  the  following  pixel  sizes  are  used:  25  m  for 
Landsat  TM,  12.5  m  for  SPOT  MLA,  and  6.25  for  SPOT 
Pl.A. 

For  areas  of  high  relief  Landsat  TM  imagery  has  geometric 
distortions  due  to  the  panoramic  view  of  the  sensor.  At  the 
edge  of  the  185  kilometre  wide  image  swath  the  look  angle 
is  7.47  degrees,  causing  a  horizontal  displacement  of  30  m  for 
every  230  m  change  in  ground  elevation  (Wong  et.  al.  1981). 
Many  parts  of  B.C.  have  relief  in  the  order  of  thousands  of 
metres.  This  is  an  unacceptable  amount  of  distortion  for 
1:20,000  mapping.  Correcting  for  relief  displacement  is 
accomplished  using  a  DEM.  The  elevation  precision  of  the 
scanned  1:250,000  topographic  data  is  approximately  +  /-  120 
m.  As  well  as  the  vertical  precision  of  the  data,  the  accuracy 
with  which  positions  tan  be  located  horizontally  effects  the 
precision  of  the  derived  elevation.  Currently  we  are 
investigating  the  precision  attainable  utilizing  different  sources 
of  topographic  data  for  relief  displacement  correction. 

Another  concern  arising  from  rectification  and  relief 
displacement  is  the  change  in  image  radiometric  values  due 
to  resampling.  If  these  changes  are  shown  to  be  significant 
to  the  classification  results  there  is  the  option  of  rectifying 
the  imagery  after  classification.  This  is  less  desirable  than 
pre-classifcation  rectification  because  it  makes  the  use  of 
ancillary  map  data  for  training  site  selection  and  accuracy 
evaluation  more  difficult. 

Image  classification  for  ground  cover  identification  proceeds 
from  field  work  to  selection  and  refinement  of  training  sites 
on  the  satellite  imagery.  Single  ground  cover  classes  are 
described  by  more  than  one  set  of  training  sites  so 
illumination  and  ecological  differences  due  to  topographic 
position  are  accounted  for.  After  classification  with  these 
sepeiate  training  sites,  the  results  are  merged  into  a  single 
class  type. 

Image  classification  for  present  land  use  involves  digital 
classification  as  well  as  interpretation  of  the  imagery.  .Some 
of  the  interpretation  depends  upon  pattern  recognition  and 
adjacency  considerations.  This  is  accomplished  partly  through 
the  use  of  the  Procom  projection  device  with  the  results  being 
digitized  into  the  existing  digital  base. 

Post-classification  processing  is  of  two  main  types:  context 
filtering  to  transform  tlie  raw  image  classification  into  a  more 
acceptable  map  like  product  and  modification  of  the  resulting 
classification  through  the  use  of  ancillary  (primarily 
topographic)  data.  Context  filtering  makes  use  of  the  similarity 
between  classes  as  well  as  length  of  common  boundary  and 
minimum  area  rules  for  amalgamating  groups  of  pbtels.  This 


kind  of  filtering  results  in  a  cartographically  acceptable  map 
and  IS  also  required  to  reduce  the  number  of  homogeneous 
areas  (polygons)  as  many  GlS’s  are  limited  in  the  number  of 
polygons  that  they  can  handle.  A  record  is  kept  of  the 
percentages  of  the  original  classes  that  were  amalgamated  to 
form  the  single  class  output  polygons.  Modification  of 
classification  results  utilizing  ancillary  data  takes  place  both 
in  the  image  analysis  domain  and  the  CIS  domain.  Ancillary 
data  is  used  to  construct  masks  within  the  image  analysis 
system  then  Boolean  logic  is  employed  to  separate  classes  that 
are  spectrally  similar.  Equivalent  results  can  be  achieved 
through  GIS  processing,  with  potentially  a  wider  selection  of 
attributes  available  for  post-classification  accuracy 
improvement. 

Topography  plays  a  dominant  role  in  many  biological  and 
geomorphic  processes.  Terrain  segmentation  as  implemented 
is  based  on:  surface  morphology,  hierarchical  watershed 
boundaries,  and  potential  solar  radiation  received  at  the 
surface.  Segmentation  based  on  morphology  begins  with 
irregularly  spaced  points,  from  which  a  triangulated  irregular 
network  (TIN)  is  created.  Units  are  defined  through  the 
amalgamation  of  neighbouring  triangles,  based  on  similarity 
with  respect  to  slope  and  aspect.  Watersheds  are  formed  by 
the  examination  of  hydrologic  flow  across  the  triangles. 
Radiation  based  segments  are  created  through  merging  of 
contiguous  triangles  based  on  criteria  examining  the  results 
of  shading  and  shadowing  values  sampled  at  set  intervals 
from  sunrise  to  sunset  over  specific  days  of  the  year. 

At  some  point  the  raster  products  require  conversion  to  a 
vector  format  to  be  compatible  with  most  current  GIS  format 
requirements.  Currently  our  capability  is  limited  in  the  size 
of  raster  supplied  as  input  and  the  number  of  resultant 
polygons  output.  Presently  a  single  value  attribute  can  be 
attached  to  the  vector  database  created;  there  is  a 
requirement  for  the  transfer  of  multiple  attributes,  for 
example  the  record  of  the  original  composition  of  a  context 
filtered  polygon. 


FINAL  PRODUCT 

GIS  capabilities  are  used  to  merge  the  ground  cover,  present 
land  use,  and  topographic  feature  themes  into  a  single 
integrated  database,  the  Baseline  Thematic  Map.  Final  editing 
takes  place  at  this  point.  For  those  GIS’s  that  support  256 
colours  or  more  it  is  proposeo  that  a  realistically  coloured  8 
bit  image  could  be  supplied  to  give  the  user  a  better  visual 
context  to  aid  in  map  use. 


DISCUSSION 

This  method  for  providing  a  highly  standardized  Province¬ 
wide  resource  database  is  being  actively  prototyped  now.  This 
product  has  the  potential  to  meet  many  of  the  information 
requirements  of  Provincial  resource  management.  If  the  results 
ot  the  prototype  ctlori  merit  a  production  levei 
implementaiion  it  is  realistic  to  expect  the  private  sector  to 
become  involved  m  the  production  of  Baseline  Thematic 
Maps. 
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ABSTRACT 

Image  analysis  of  three  Landsat  TM  scenes  was 
performed  to  map  the  forest  cover  within  a  portion 
of  agriculturally  dominated  southwestern  Ontario. 
This  information  was  transferred  in  raster  format  to 
a  GIS  where  it  was  vectorized  and  used  in  subsequent 
calculations.  The  measurements  of  the  area  and  edge 
length  of  each  forest  stand  within  sample  areas  were 
calculated  and  used  as  parameters  in  a  habitat 
impact  prediction  model.  This  model  measures  the 
effects  of  woodlot  fragmentation  on  bird  species 
inhabiting  the  woodlot.  This  study  demonstrates  the 
use  of  satellite  imagery  and  GIS  integration  in  a 
large  scale  operational  environmental  project. 

KEYWORDS:  Bird  habitat.  Environmental  modeling. 

Forest  classification,  GIS  integration,  Landsat  TM 


Ontario  Hydro  has  developed  an  impact  prediction 
model  for  assessing  the  effects  of  fragmentation  on 
forest  bird  species  in  southern  Ontario  (Hounsell, 
1988).  This  model  incorporates  the  woodlot 
parameters  of  shape,  area,  edge  length  and  distance 
to  neighbouring  woodlots.  In  order  to  apply  the 
model  there  was  a  need  to  map  the  forested  land 
within  the  region.  It  was  the  purpose  of  this  study 
to  use  suitable  remote  sensing  images  and 
established  image  analysis  techniques  for  deriving 
forest  cover  data.  As  well,  the  mapped  data  was  to 
be  transferred  to  a  vector-based  geographic 
information  system  and  used  in  determining 
measurements  for  the  habitat  impact  model.  This 
study  was  carried  out  concurrently  with  another 
project  which  incorporates  the  model  by  testing 
hypotheses  regarding  relationships  between  the 
characteristics  of  woodlots  and  the  number  of 
interior  woodland  breeding  bird  species. 


INTRODUCTION 

The  construction  and  maintenance  of  high  voltage 
electric  transmission  facilities  can  result  in 
impacts  to  the  natural  environment.  Ontario  Hydro 
conducts  impact  assessment  studies  for  proposed 
facilities.  One  component  of  these  environmental 
assessments  is  the  prediction  of  potential  impact  on 
forest  wildlife  habitat. 


STUDY  AREA  AND  DATA  SOURCES 

The  area  chosen  for  this  study  extends  from  Toronto 
west  to  Late  Huron  and  all  of  the  area  south 
(approximately  33,000  square  Kilometres).  This  is 
the  deciduous  forest  region  which  lies  within  the 
agriculturally  dominated  region  of  southwestern 
Ontario. 


The  clearing  of  transmission  line  rights-of-way 
results  in  the  fragmentation  of  forested  areas. 
This  can  have  an  adverse  effect  on  an  ecological 
grouping  of  birds  that  may  generally  be  described  as 
area-sensitive,  forest-interior  specialists,  many  of 
which  are  long-distance,  neotropical  migrants. 
Populations  of  these  species  are  expected  to  decline 
as  forest  size  becomes  smaller,  forest  edge  becomes 
mote  prominent  and  as  woodlots  become  more  isolated 
from  neighbouring  woodlots  in  the  landscape.  The 
fragmentation  of  forests  can,  therefore,  lead  to  a 
decline  in  forest  interior  bird  species,  and  in  the 
extreme  cases,  can  lead  to  regional  expirations  of 
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Herriam,  1986).  In  contrast,  bird  species 
inhabiting  field  and  forest  edges  will  tend  to 
flourish  in  fragmented  landscapes.  In  this  regard. 
Temple  and  Wilcox  (1986)  maintain  that  'habitat 
fragmentation  looms  on  the  horizon  as  perhaps  the 
single  most  significant  challenge  to  the  development 
of  models  applicable  to  wildlife  management,  if  not 
ultimately  to  the  survival  of  wildlife  altogether'. 


Landsat  Thamatic  Mapper  (TM)  imagery  was  obtained  to 
cover  the  study  area.  All  or  part  of  three  scenes 
were  required.  An  attempt  was  made  to  acquire 
images  from  1985  to  correspond  with  the  bird  species 
data  to  be  used.  However,  due  to  cloud  cover,  1985 
imagery  for  the  appropriate  season  could  not  be 
obtained  to  cover  the  whole  study  area.  The  images 
acquired  were  Track  18  Frame  30  for  September  20 
1985;  Track  19  Frame  30  for  August  2  1988;  and  Track 
19  Frame  30+10  for  August  29  1986. 


The  imagery  was  analyzed  using  the  Dipix  ARIES  III 
image  analysis  system  in  the  Land  Use  and 
CriVirorirTt^tituA  Plunriinj  •  The  fcrcctry 
data  was  then  transferred  to  the  department's  CARSS 
(Computer  Assistance  for  Route  and  Site  Selection) 
GIS.  CARSS  is  a  system  of  integrated  processing 
functions  using  a  variety  of  hardware  and  software 
componerts.  It  has  the  capabilities  to  record, 
store,  manipulate  and  output  data  in  both  raster  and 
vector  format.  The  Raster  Processing  System, 
developed  in-house,  is  a  tool  designed  for 
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transforming!  modeling!  and  analyzing  raster  data. 
Vector  data  is  manipulated  through  .the  use  of  ESRt 
Arc/Info  functions.  The  ARIES  system  is  interfaced 
with  the  CIS  through  the  host  VAX  11/785 
minicomputer. 


msSIPlCATION 

All  three  TH  scenes  were  analyzed  using  similar 
steps.  Bach  scene  was  geometrically  corrected  to 
the  UTti  map  base  using  1:50!000  NTS  topographic 
mapsheets  for  ground  control  point  generation.  This 
is  standard  practise  for  the  department  as 
Information  derived  from  image  analysis  is  often 
transferred  to  the  CIS  and  must  be  registered  to  the 
same  map  base.  A  supervised  classification 
procedure  was  then  carried  out.  Through  the  use  of 
visual  interpretation  of  tha  imagery,  aerial 
photographs,  1:50,000  topographic  maps,  and  field 
checking,  training  areas  were  developed  for  forest 
cover  classes  as  well  as  for  some  agricultural  cover 
types.  It  was  found  that  it  was  necessary  to 
include  these  non-forest  cover  types  to  help  reduce 
some  confusion  between  the  classes  of  field  crops 
(especially  corn)  and  deciduous  tree  cover. 
Signatures  for  the  cover  types  were  created  and 
applied  to  a  maximum  likelihood  classifier.  In  an 
attempt  to  minimize  the  confusion,  many  signatures 
were  manipulated.  Combinations  of  TH  bands  and 
ratios  were  tested.  As  well,  purification  of 
training  areas  and  signatures  was  performed  to 
reduce  the  spectral  overlap. 

It  was  found  that  tne  manipulations  of  the 
signatures  either  did  not  improve  the  accuracy  of 
the  classification  results  or  improved  it  in  one 
area  of  the  scene  while  decreasing  it  in  another 
area.  The  signatures  used  in  the  final 
classification  included  six  TH  bands  (bands  1  to  5, 
and  7)  at  a  95A  statistical  rejection  level. 

Tne  result  of  the  classification  procedure  was  a 
thematic  map  which  included  deciduous,  coniferous, 
mixed  wood,  corn  and  soybean.  The  forested  areas 
were  correctly  classified  and,  for  the  most  part, 
completely  classified.  Farm  fields  which  remalneu 
misclassified  as  forest  cover  were  removed 
manually.  A  5  pixel  filter  was  then  applied  to  the 
classification  to  remove  extraneous  pixels. 


DATA  TRANSFER  AND  HANIPULATION 

The  information  on  breeding  bird  species  is  stored 
in  the  form  of  10  k.m  by  10  km  sample  squares  located 
throughout  the  study  area.  This  data  war  de.ived 
from  the  computer  records  of  the  Ontario  Breeding 
Bird  Atlas  (Cadman  ec  al.,  1987).  The  Atlas 
represents  the  product  of  a  five  year  effort  to 
document  the  breeding  status  and  distribution  of  the 
birds  cf  Ontario.  This  data  base  was  collected, 
geo-referenced  and  stored  based  on  the  Universal 
Transverse  Hercator  (UTH)  grid  system. 


sample  100  squares  from  the  study  area  to  test 
selected  hypotheses  from  the  predictive  mcOel  and 
integration  procedure.  Random  sampling  of  squares 
were  chosen  from  three  categories  of  woodland 
coverage:  greater  than  SOt  woodland;  between  20%  and 
50%  woodland;  and  less  than  20%  woodland.  For  each 
square  selected,  the  forest  cover  data  was 
transferred  from  the  image  analysis  system,  in 


raster  (cell)  format,  to  the  CIS  database.  It  was 
then  copied  to  Arc/Info  where  it  was  converted  to 
vector  fornat.  At  this  point,  editing  can  be  done 
to  smooth  the  polygons,  if  desired. 

The  parameters  chosen  for  testing  selected  aspects 
of  the  model  include: 

number  of  woodlots  in  each  square 

-  area  of  each  woodlot  in  each  square 

total  forest  area  for  each  square 

length  of  forest  edge  of  each  woodlot  in  each 
square 

-  edge  to  area  ratio  for  each  woodlot  and  average 
for  total  square 

a  measure  of  woodlot  connectivity  and  spatial 
organization. 

These  roeasuraments  can  be  derived  easily  using 
Arc/Info  functions.  The  area  and  perimeter  of  each 
polygon  (woodlot)  is  automatically  calculated  when 
the  data  is  vectorized  and/or  edited.  Calculations, 
such  as  the  ratio  of  edge  (perimeter)  to  area,  can 
then  be  done  for  each  polygon  and  added  to  the  Info 
listing  for  the  file. 

The  use  of  these  parameters  in  the  Impact  prediction 
model  involved  the  comparison  of  these  forest 
habitat  parameters  with  the  bird  species  information 
contained  in  the  computer  database  of  the  Ontario 
Breeding  Bird  Atlas.  This  work  was  conducted  under 
the  concurrent  project  objectives. 


CONCLUSIONS 

Forest  cover  in  southern  Ontario  was  successfully 
mapped  through  the  use  of  satellite  digital 
imagery.  It  was  found  that  the  image  date  is  very 
important  when  classifying  deciduous  forest  cover  in 
agricultural  areas.  Ideally,  the  image  should  be 
selected  for  a  period  within  the  growing  season 
which  would  minimize  confusion  between  deciduous  and 
crop  signatures. 

Satellite  imagery  proved  to  be  an  efficient  source 
of  intormation  for  environmental  impact  modeling. 
The  imagery  provides  coverage  over  a;,  extensive  area 
and  image  analysis  provides  a  means  of  extracting 
information  in  a  cost-effective  manner  without  the 
detailed  analysis  required  to  interpret  Forest 
Resource  Inventory  maps,  topographic  maps  or  aerial 
photography. 

The  transfer  capabilitiLS  between  the  image  analysis 
system  and  the  CIS  simplify  the  acquisition  of  data 
by  eliminating  the  need  to  manually  digitize.  This 
study  has  demonstrated  that  the  integration  of 
remote  sensing  and  GlS  technology  ccn  be  used  in  an 
operational  environmental  impact  project.  It  has 

can  be  used  for  future  modeling  and  transmission 
route  and  site  selection  projects. 
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The  integration  of  remotely  sensed  imagery  with  map  layers  contained  in  Geographic 

Information  Systems  (GIS)  is  recognized  as  an  important  step  in  effectively  using 

satellite  imagery  for  resource  management.  In  addition  to  a  variety  of  technical  issues 
that  need  to  be  confronted,  the  methods  for  combined  image  and  map  analysis  for  different 
applications  must  be  identified  This  paper  describes  one  software  implementation  for 
GlS/image  analysis  integration  and  how  it  was  used  for  regional  vegetation  monitoring  in 
western  Canada. 

The  approach  adopted  for  image  analysis/GlS  integration  in  this  case  was  to  implement 
a  sub-set  of  common  GIS  functions  within  the  image  analysis  system.  To  this  end.  software 
was  written  to  import  and  export  DLG  format  vector  map  files  (and  their  associated  user 
attributes)  to  and  from  Dipix  ARIES  image  analysis  systems  and  to  provide  database  query, 
statistics  extraction,  and  vector  edit  functions.  The  functionality  of  the  software 

package  is  dcscrib>:d  in  the  paper 

The  Crop  Information  System,  jointly  established  by  the  Canada  Centre  for  Remote 
Sensing  and  the  Manitoba  Remote  Sensing  Centre,  loutinely  processes  NOAA-HRPT  image  data 
into  mapped,  near  cloud  free  images  of  the  grain  producing  regions  of  the  Canadian 

prairie.  Map  layers  imported  to  the  image  analysis  system  from  a  GIS  are  used  for 
assessing  the  accuracy  of  geometrically  corrected  imagery  and  to  overlay  on  images  for 
visual  and  geographic  reference.  Administrative  and  physiographic  polygons,  also  imported 
from  the  GIS.  arc  used  as  training  areas  and  the  derived  image  statistics  are  added  as  new 
attributes  to  the  imported  attribute  database.  Further  analysis  on  the  extracted  radiance 
statistics  may  be  performed  when  the  data  are  returned  to  the  GIS  where  complementary 
databases  reside  (meteorological,  historic  production,  etc.). 

KEYWORDS  attribute,  data  tiansfer,  GIS,  polygon,  remote  sensing,  statistics,  view 


1 ntroduc  t ) on 


Digital  remotely  sensed  imagery  data 
have  provided  valuable  data  on  eax'th 
resources  for  iiiany  ye-irs.  and  the  ability 
to  exliaft  '  mf  ei  mat  i  on  ■  for  resource 
management  from  these  dotn  has  been 
largely  throuoh  spectral  and  textural 
processing  routines  available  in  Image 
Analysis  Eystems  (IAS)  With  the  rapidly 
increasing  use  of  Geogi'aphic  Information 
Systems  (GIS)  as  data  bases  for  resource 
information,  there  is  a  sti'ong  incentive 
to  link  IAS  and  GIS  technologies  so  that 
the  coc.p  1  emeu  t  nry  information  contained 
within  each  system  oiaij  be  used  together. 
The  creation  of  such  a  'spatial' 
i nf oi'ma 1 1  oil  system  has  encountei’Cd  many 
technical  issues,  including  the 
combination  of  the  raster  and  vector  data 
structures  commonly  used  by  the  two 
systems.  There  are  many  solutions  to  the 
mechanics  of  lAS/GIS  integration,  one  of 
which  is  described  in  this  paper  Because 
IAS  and  GIS  vendors  have  historically 
developed  their  products  seperately, 
current  lAS/GIS  integration  often  involves 
exchanges  of  data  between  two  proprietary 


data  formats  and  spccializf^d  display 

harowai'u  This  papei  describes  software 
which  permits  th.i  integration  and 
manipulation  of  ESRl  ARC/INFO  map 

coverages  within  the  Dipix  ARIES  image 
proccesing  system  The  applic-ation  of 

this  software  to  vegetation  monitoring  in 
Western  Canada  (the  Crop  Informat.\an 
System)  is  also  discussed. 

Technical  description  of  the 

Ar i e s-ARC/ INFO  software. 


This  new  Aries  software  was  designed 
to  provide  an  intelligent  access  to 
ARC/INFO  covers.  The  first  step  in  this 
software  was  to  provide  a  mechanism  to 
combine  the  gi'aphics  data  from  ARC/INFO 
with  the  digital  remotely  sensed  raster 
data  of  the  Aries  system.  Since  the  Aries 
display  is  designed  around  a  bulk  memory 
raster  mapped  architecture  the  vector 
graphics  data  could  not  be  used  in  their 
original  form.  The  intention  of  this 
software  package  was  not  to  duplicate  the 
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efforts  of  ESRI.  bol  rother  to  offer  e 
subset  of  GIS  functions  for  data 
manipulation  within  a  raster  based  image 
display  system.  Note  that  it  is  very 
important  to  ensure  that  the  polygon  cover 
is  "clean"  before  exporting  it  out  of 
ARC/INFO.  In  particular  undershoots  and 
overshoots  will  distort  the  results  of  the 
statist’cs  generation  process  and  will 
create  difficulties  with  the  editing 


The  software  comprises  several 
modules  in  three  lasls.  These  ore. 

DT  database  transfer 


The  graphics  data  is  read  in  and 
converted  to  an  Aries  vector  data  format 
which  allows  quick  access  to  the  giaphics 
database.  Another  advantage  of  the  Aries 
vector  format  is  that  the  accuracy  of  the 
original  map  coordinates  is  maintained, 
even  tnoogh  subsequent  display  and 
manipulation  ir.  performed  in  the  less 
precis?  raster  environment.  Tins  Aries 
graphic  file  is  then  rasterijed  (his 
rasterisation  can  be  done  for  the  whole 
database  or  fur  iiny  subarea  a  user  wants 
to  specify  Since  the  sue  of  the  pixels 
can  v>ilso  be  specified  the  rasleriied 
vector  datxs  con  be  made  to  fit  any  type 
and  size  of  remt. to  sensed  imagery  The 
result  of  the  raster i lat i on  it  a  cover 
theme  file  with  a  single  theme 
representing  the  vector  data 

DO  database  query 


The  database  qu“ry  task  can  then  be 
run  This  task  allows  the  user  a  number 
of  high"  level  functions  such  as  displaying 
the  rastoriied  cover.  listing  the 
attribute  dictionary,  examining  and 
editing  the  attribute  data  of  the  elements 
(an  attribute  i  pcoi  d  being  c.  i*ecord  wliic'h 
contains  informvStion  about  a  particular 
element),  data  queries  on  the  database  and 
saving  the  results  into  views  (a  view 
being  a  set  of  selecved  el  mionts)  and 
lastly  statiscic;  gener-st  i  on  on  any 
selected  eier.cnCs 

With  tne  oisplay  function  a  user  can 
overlay  an  rasterized  ARC/INFO  cover  on 
top  of  remotely  sensed  imagery.  Up  to  3 
features  or  4  theme  bac.kground  files  can 
be  loaded  up  along  with  she  I'asterized 
cover.  as  16  or  32  bit  composites.  Note 
that  the  amount  of  the  data  that  can  be 
displayed  is  not  limited  to  the  size  of 
the  display  monitor  but  the  size  of  the 
bulk  memory.  So  if  a  user  wished  to  only 
display  th?  rasterized  cover.  then  even 
though  the  display  is  only  1024  by  1024,  a 
1600  by  1600  cover  could  be  displayed;  all 
of  it  accessible  and  displayable  through 
the  roam  function  of  the  display  monitor. 
Of  course  much  less  can  be  displayed  if 
the  user  loads  up  the  rasterized  cover 
with  3  8  bit  features. 


The  data  dictionary  option  is  used  to 
control  access  to  an  APS  (attribute 
processing  system)  database  by  defining 
the  structure  of  the  database.  By 
describing  the  attributes,  the  data 
dictionary  records  the  structure  of  the 
attribute  records.  By  describing  views, 
the  data  dictionary  enables  access  to  the 
results  of  significant  logical  queries  or 
selections  applied  against  the  database, 
and  which  the  user  has  chosen  to  name  and 
save.  Besides  describing  the  structure, 
the  data  dictionary  also  acts  as  an  index 
which  links  the  attributes 

The  attribute  option  allows  the  user 
to  view  or  modify  attributes.  Attribute 
displayed  are  keyed  by  -ID  number, 
provided  by  the  ARC/INFO  database.  For 
the  most  part  the  attribute  option  is 
drWen  by  the  current  select  list  (that 
being  the  list  of  elements  last  selected 
by  a  query  or  the  last  view  recalled  by  a 
user).  By  default  If  there  is  no  current 
select  list  then  all  elements  are 
considered  selected.  A  number  of 
subfunctions  are  provided  such  as  which 
attributes  of  an  element  to  display  and 
editing  of  the  attribute  data.  Also  an 
output  list  can  be  generated  to  a  file  or 
printer 

The  ad  hoc  query  option  provides  the 
user  with  means  of  selecting  a  subset  of 
the  eleiiipnts  in  a  cover  which  satisfy 
certain  properties  as  determined  by 

attributes  in  the  APB  datflbsse,  or  the 
results  of  previous  logical  queries.  A 
query  may  consist  of  up  to  IS  statements, 
each  a  simple  logical  expression.  These 
statements  form  a  logical  list  of  . AND.  s 
and  .  OR.  s  with  which  elements  will  be 
selected.  This  selected  set  is  then  the 
current  element  set.  It  can  be  edited 
with  a  manual  selection  option,  which  will 
highlight  the  current  data  set  on  the 
display  monitor  and  allow  the  user  to  add 
or  delete  elements  by  pointing  to  them. 

It  can  also  be  saved  thi*ough  the  view 
option  and  given  a  user  selected  name. 

The  view  option  lets  the  user  save  a 
set  of  selected  elements  under  a  user 
given  name.  It  also  allows  the  user  to 
retrieve  a  previously  selected  set  (if 
th.3t  set  was  saved)  and  make  it  the 
current  data  set. 

Particularly  useful  is  the  statistics 
generation  function.  This  function  allows 
the  user  to  generate  a  set  of  statistics 
from  a  set  of  background  features  or  theme 
files  on  a  per  polygon  basis.  The  set  of 
polygons  for  which  the  statistics  will  be 
generated  must  be  contained  in  a  named 
view,  or  the  polygon  can  be  selected 
directly  from  the  display  monitor. 
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The  statistics  produced  for  the 
feature  files  are  the  number  of  pixels> 
the  moan*  the  mode*  the  median*  the 
standard  deviation*  the  skeinness*  the 
minimum  and  the  *maximum  The  mean*  median 
and  skewness  are  calculated  through  the 
use  of  a  histogram  and  their  accurracg 
will  depend  on  the  bin  (sample)  size. 
This  is  usually  within  lY,  of  the  accepted 
value  foT'  a  normal  distribution  of  values. 
Statistic?  calculated  from  theme  files  can 
display  the  number  of  pixels  per  polygon 
or  the  numbei'  of  pixels  per  theme  per 
polygon  or  the  percentage  of  total  per 
theme  per  polygon  The  user  can  generate 
statistics  for  up  to  32  themes  or  32 
feature  files  These  attributes  can  then 
later  be  transported  back  to  the  ARC/INFO 
system. 

When  using  feature  files.  the 
statistics  generation  algorithm  will  allow 
the  use  of  a  user  defined  arithmetic 
expression  to  calculate  the  statistics. 
This  permits  arithmetic  combinations  of 
several  features  to  be  calculated  and 
saved  in  real  numbers,  without  the  need  to 
store  results  in  an  8“bit  integer  image 
file  A  small  8  lines  by  70  characters 
editoi  is  provided  to  enter  the  arithmetic 
e  ipre  is  ion 

In  converting  the  vector  data  to 
raster  information.  an  infinitely  thin 
polygon  border  obtains  a  thickness  of  1 
pixel.  therefore  the  user  will  hove  the 
option  to  include  or  not  include  the 
border  pixels  in  the  statistics  If  the 
border  pixels  are  included,  then  they  may 
be  included  as  a  half  pixel  (which  assumes 
that  all  borders  pixels  are  shared  by 
exactly  2  polygons)  or  by  using  a  pixel 
count  file  which  will  report  on  how  many 
polygons  each  border  pixel  belongs  to.  Of 
course  this  pixel  count  process  will  take 
more  time. 

Polygon  editing. 


Another  essential  part  of  the 
software  package  is  its  element  editing 
capabilities  Since  the  vector  cover  can 
be  rasterized  and  displayed  as  an  overlay 
on  top  of  actual  remote  censing  data.  a 
user  can  base  any  editing  on  visual 
interpretation  The  need  to  update  a 
cover  is  very  important  so  a  short 
description  of  the  editing  capabilities  is 
in  order  In  this  case  the  polygon 
editing  is  described. 

In  a  polygon  coverage  we  have  2  types 
of  elements.  Arcs  and  polygons.  Each 
polygon  is  made  up  of  a  number  of  arcs  and 
each  arc  belongs  to  2  polygons  A  number 
of  functions  permit  the  user  to  edit  the 
database. 


Arc  reshape:  this  allows  a  user  to 
select  an  arc  from  the  display  and  to 
reshape  it.  The  restriction  being  that 
it's  end  points  are  not  moved.  This 
permits  the  user  to  do  small  corrections 
to  an  arc  with  the  minimum  amount  of 
database  modifications. 

Arc  delete:  the  user  selects  an  arc 
to  be  delete  by  pointing  to  it  on  the 
display  monitor  This  arc  is  then  deleted 
from  the  database  and  all  relevant 
polygons  are  Immediately  updated.  That 
is.  two  polygons  are  merged  and.  if  the 
required  of  the  arcs  of  the  newly  formed 
polygon  are  also  merged. 

Arc  adding:  arc  adding  will  let  the 
user  create  new  polygons.  This  function 
provides  useful  tools  such  as  snap  to  arc 
and  snap  to  node.  Again  the  database  is 
updated  immediately.  That  is  the  affected 
polygon  is  cut  up  into  two  new  polygons, 
for  which  areas.  perimeters  and  label 
points  are  calculated.  The  user  is 
prompted  for  the  attributes  of  the  new 
polygons. 

All  these  editing  functions  are 
performed  directly  on  the  display  using  a 
responsive  bit"pad.  Because  of  the  method 
of  storing  the  database  in  Aries  format 
any  update  to  it  will  take  the  same  amount 
of  time  regarless  of  the  size  of  the 
database.  When  a  user  is  finished  editing 
there  is  not  need  to  rebuild  the  coverage 
on  the  Aries  side  as  it  is  always  current. 
The  edited  coverage  can  then  be 
transferred  back  to  the  ARC/INFO  system. 

Example  Application. 

The  Crop  Information  System  (CIS)  is 
a  joint  program  between  the  Canada  Centre 
for  Remote  Sensing.  the  Manitoba  Remote 
Sensing  Centre,  and  several  other  agencies 
with  interests  in  agricultural  activity  in 
Western  Canada.  The  purpose  of  the 
program  is  to  provide  timely  information 
on  vegetation  condition  during  the  growing 
season  which  may  assist  in  forecasting 
potential  yield  and  production.  At 
present,  the  principal  source  of  data  is 
daily  AVHRR  imagery  from  the  NOAA  series 
of  meterological  satellites.  The 
following  is  a  brief  description  of  the 
standard  CIS  image  product. 

Once  geometrically  registered  to  a' 
map  projection  using  standard  ARIES 
transform  and  resampling  software.  a 
seven-day  scries  of  AVHRR  images  are 
combined  into  a  single  image  comprising 
only  the  'best'  data  from  the  input 
images.  The  selection  of  these  data  is 
based  on  the  highest  Normalized  Difference 
Vegetation  Index  (NDVI)  and  has  the  effect 
of  creating  a  near  cloud-free  image  in 
which  atmospheric  path  radiance  has  been 
minimized.  These  products.  termed 
'composite  images'.  have  been  shown  to 
correlate  with  biomass  and  may  be  used  to 
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assist  in  iissessing  vegetation  condition 
(Tucker  and  Sellersi  1986:  Gouard  et  al.  . 
1985).  Registered  composite  image 
products  are  produced  ueelkg  during  the 
growing  season  for  the  agricultural 
regions  of  Manitoba>  Saskatchewan!  and 
Alberta. 

The  link  between  ARC/IMFO  and  the 
ARIES  IS  used  in  several  wags  in  CIS 
processing.  A  conceptual  overview  of  the 
flow  of  data  between  the  IAS  and  GIS  for 
this  application  it  available  in  Manore 
and  Brown  (1989).  Some  of  the  uses  of  the 
ARIES-ARC/INFO  link  for  the  CIS  are 
described  below. 

Initial Ig.  a  map  coverage  of  the 
large  bodies  of  water  in  the  studg  region 
was  created  within  the  GIS  and  then 
transformed  into  the  same  projection  to 
which  the  imagerg  had  beer,  mapped  The 
coverage  was  then  tiansferred  to  the  ARIES 
and  rasterized  to  provide  a  simple  overlag 
which  is  used  to  verifg  tlis  success  of 
image  registration  prior  to  the 
compositing  process.  Map  lagers  of 
provincial  and  administrative  boundaries 
(i.e  I  Crop  Reporting  T/istricts.  Rural 
Municipalities)  were  alto  transferred  and 
rasterized  These  are  used  as  theme 
overlags  on  the  composited  images  to 
provide  geographic  teference  and  to  assist 
in  image  interpretati on  District  names 
and  other  attributes  in  the  coverage  data 
base  <i,e.  <  historic  gields)  mag  also  bo 
interac t i ve Ig  browsed  and  displagcd  on  the 
image  using  the  attribute  processing 
functions  The  water  bodg  map  was  also 
used  to  enhance  the  vipual  qualitg  of  the 
images  bg  masking  out  the  cloudg 
appearance  of  lake?  (an  artifact  of  the 
compositing  process)  Solid  theme  masks 
were  generated  from  the  transferred 
co.'eragc  bg  creating  training  areas 


directlg  from  the  selected  set  of  water 
polggons. 

A  routine  analgsis  in  the  CIS  is  to 
extract  image  statistics  within  each 
administrative  or  phg si ograph i c  map  unit 
from  each  weeklg  image.  Through  the  querg 
software!  these  values  mag  he  extracted  in 
batch  mode  from  ang  selected  set  of  map 
polggons  and  placed  directlg  into  the 
attribute  data  base.  t-)hen  returned  to  the 
GIS  as  attributes!  theg  arc  be  used  to 
produce  cartographic  representations  of 
the  iiiiagc  data!  to  feed  external 
statistical  packages!  and  in  the  near 
future!  will  be  used  in  gield  forcasting 
model  s 

The  CIS  does  not  make  use  of  all  the 
functions  ':ivai)able  in  the  software 
package  Among  those  functions  not  used 
are  the  editing  of  map  polggons  for  map 
update!  and  the  vectorizing  of  image 
c  lassi  f  i  cations. 

Cone  1 05 1  on 


This  application  shows  the  importance 
and  usefulness  of  integrating  remotelg 
sensed  imagerg  and  GIS  data  in  vegetation 
monitoring.  Note  that  this  tgpe  of  data 
intugratioti  can  be  tamed  over  to  mang 
other  applications 
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ABSTRACT 


The  purpose  of  this  oroject  wjs  to  Integrate  several 
geologic  data  sets  utilizing  the  SPANS  micro-based 
GIS.  Presently  a  variety  of  geological  data  exists 
In  several  formats;  satellite  Imagery,  airborne 
sensors,  hardcopy  maps,  geochemical  surveys,  etc.  In 
order  to  better  understand  the  relationships  of  these 
various  data  sets,  a  GIS  can  be  used  to  analyze  the 
Integrated  database. 

The  creation  of  the  geo-database  Involved  data 
transfer  between  mini  and  lAlcro-computer  based 
software.  The  remotely  sensed  data  consisted  of 
Landsat  MSS  (79  x  79m)  and  TH  (3C  x  30m)  coverages, 
airborne  vertical  gradient  magnetics  (125  x  125m), 
and  seven  channels  of  airborne  radiometrics  (250  x 
250m).  Hardcopy  maps  were  digitized  Including; 
surficlal  geology,  lineaments,  and  known  mineral 
occurrences.  The  bedrock  geology  was  input  from  as 
a  scanned  raster  Image.  Finally  a  regional  stream 
sediment  geochemistry  survey  ASCII  file  was  also 
integrated. 

With  these  data  sets  residing  In  the  SPANS  GIS  In  a 
common  projection  and  format  the  GIS  functionality 
can  now  be  used  to  examine  spatial  relationships. 
Both  reports  and  maps  can  be  generated  from  various 
modelling  techniques  available  In  the  system. 


Introduction 

As  with  many  disciplines,  geology  Involves  large 
volumes  of  data  often  of  variable  source  and  format. 
As  a  result  of  this  Inconsistency,  data  Is  often  not 
used  to  It’s  fullest  potential.  In  order  to  make  the 
entire  range  of  data  accessible  for  analysis  It  must 
be  Integrated  Into  a  common  reference  and  format. 
The  TYDAC,  SPANS  Geographic  Information  System  (GIS) 
was  the  tool  used  to  Integrate  the  various  data  sets 
and  determine  their  Inter-relationships. 


In  1987  the  Geological  Survey  of  Canada  (GSC) 
contracted  the  CANHAP  Research  Institute  at  the  Nova 
Scotia  College  of  Geographic  Sciences  (COGS)  to 
create  a  multi-layer  geo-database  for  the  Antigonish 
Highlands,  Nova  Scotia.  This  paper  outlines  the 
Integration  procedure  used  to  establish  the  digital 
database.  Using  a  GIS  as  the  Integrating  tool  also 
allows  the  use  of  analytical  and  modelling  techniques 
on  the  database  once  It  has  been  established.  The 
GSC  Mineral  Resource  Division  are  now  using  this 
approach  and  exploring  new  methodologies  for  data 
Integration  and  mineral  potential  modelling. 

The  project  Involved  data  transfer  between  mini  and 
micro-computer  based  Image  analysis  and  geographic 
Information  systems.  The  hardware  platforms  and 
software  Include:  DIPIX,  ARIES  II  (VAX  11/785),  PCI, 
EASI/PACE  (386  micro-computer),  ESRI,  ARC/INFO  (PRIME 
9650)  and  the  TYDAC,  SPANS  (386  micro-computer).  The 
data  Involved  In  the  project  as  listed  In  Table  1 
Includes;  Landsat  MSS  and  TM  Imagery,  airborne 
vertical  gradient  magnetics  and  radiometrics, 
digitized  bedrock  and  surficlal  geology  maps, 
lineaments,  mineral  occurrences,  and  stream  sediment 
geochemistry. 


Data  Structures 

The  systems  employed  In  the  project  use  three 
different  data  structures:  raster,  vector  and 
quadtrees.  The  raster  structure  Is  used  by  the  image 
analysis  systems  (DIPIX  and  PCI).  Imagery  Is 
rep'esented  by  a  grid  of  equal  size  picture  elements 
(pixels)  of  which  each  is  assigned  a  value.  Ttie 
vector  structure  is  used  by  the  ESRI  GIS.  Thematic 
Information  Is  represented  by  a  series  of  line 
segments,  arcs  and  nodes,  which  define  the  polygon 
boundaries.  The  quadtree  structure  Is  used  by  the 
SPANS  GIS.  The  Information  is  stored  In  a  raster 
like  structure  with  a  variable  pixel  size.  In 
homogeneous  areas  the  information  Is  stored  In  large 
pixels,  near  the  polygon  boundary  the  pixel  size  is 
reduced  to  better  define  the  boundary  conditions. 
Quadtrees  greatly  reduce  file  size  and  hence  reduce 
operating  times.  The  efficiency  of  raster  overlay 
procedures  Is  maintained,  and  the  accuracy  of  vector 
boundary  placement  Is  not  compromised. 
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Vector  Data 

The  vector  data  digitized  In  ARC/INFO  consisted  of: 
surficlal  geology,  lineaments  Interpreted  from 
satellite  and  magnetic  Imagery,  and  known  mineral 
occurrences.  This  was  exported  using  the  U.S. 
Geological  Survey  Standard  Digital  Line  Graph  3.0 
(DLG)  format  and  transferred  from  the  PRIME  to  the 
micro-computer.  The  polygon  attribute  table  (PAT) 
was  also  exported  as  a  Standard  Data  File  (SDF). 


File  Reduction  Factor 


Preparation  of  Raster  Data 

The  satellite  MSS  and  TM  Imagery  was  supplied  by  OCRS 
on  tape  and  was  loaded  Into  the  ARIES  system. 

Radiometric  data  were  supplied  by  the  GSC  in  PCI, 
UNIDISK  format  on  floppy  diskette.  This  was 
transferred  to  the  VAX  mini-computer,  then  converted 
to  an  ARIcS  file  using  locally  developed  ARIES  task 
from  COGS. 

The  magnetics  were  supplied  by  the  GSC  as  standard 
VMS  files.  The  data  was  stored  as  real  values  between 
tIO  and  +10  due  to  the  gradient  nature  of  the  data. 
However,  the  scan  lines  were  oriented  vertically 
rather  than  the  conventional  horizontal  style.  The 
file  was  rotated  through  90  degrees  and  con.’erted  to 
8  bit  (0-255)  data  by  running  a  GSC  supplied  fortran 
program.  The  resulting  VAX  file  was  then  converted 
to  an  ARIES  file  using  the  same  COGS  developed  task 
as  with  radiometrics. 

The  satellite  and  geophysical  imagery  were  then  co¬ 
registered  and  resampled  to  a  common  50m  pixel  size 
for  a  UTM  projection.  Enhancements  and 
classifications  were  also  carried  out  on  the  ARIES. 
The  Integrated  raster  data  was  then  exported  from  the 
Image  analysis  system  by  converting  It  to  a  VMS  data 
file  consisting  solely  of  data,  i.r.  no  header  j: 
trailer  information.  This  data  was  then  transferred 


The  Integrated  Database:  Spans  Input 

The  raster  Imagery  transferred  from  the  VAX  uses  the 
same  storage  format  as  a  SPANS  raster  file,  left  to 
right  and  top  to  bottom.  An  ASCII  header  file  is 
used  to  spatially  position  the  raster  and  define  the 
X,  y  extent  In  terms  of  lines  and  pixels  as  well  as 
meters.  The  raster  files  can  be  displayed  and 
statistics  generated  for  classification  purposes. 
These  raster  files  were  then  converted  Into  the 
quadtree  structure  and  maps  built.  The  raster- 
quadtree  conversion  typically  produces  a  file  size 
reduction  on  the  order  of  5  times,  while  vector 
conversions  typically  reduces  the  file  size  by  a 
factor  of  about  10  times. 

The  raster  scanned  bedrock  geology  was  converted  to 
a  quadtree  map  directly,  spatial  positioning  and 
projection  Information  were  supplied  In  the  file. 

The  vector  DLG  files  were  read  Into  the  system 
through  the  SPANS  vector  Interface.  The  surficlal 
geology  vectors  were  converted  Into  a  quadtree  map 
and  reclassified  based  on  the  polygon  attribute  table 
file.  The  lineaments  and  known  mineral  occurrences 
were  imported  as  standard  SPANS  vectors  and  points, 
respectively.  The  UTM  referenced  stream  sediment 
geochemistry  file  ASCII  was  directly  Imported  Into 
the  system  and  stored  as  a  SPANS  point  file. 

The  rather  complex  procedure  used  In  this  data 
integration  methodology  has  since  been  simplified. 
Three  suites  of  programs  arc  required: 

SPANS  (all  modules) 

ARIES  (or  alternative  Image  Analysis 
System,  mini  or  micro-computer  based);  and 
GSC  data  conversion  programs 
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Table  1 

DATA  TYPE 

Landsat  MSS 
Multi  Spectral 
Scanner 

Landsat  TM 
Thematic  Mapper 

Airborne  Vertical 
Gradient  Magnetics 

Airborne  Radiometrics 

Surficial  Geology 
Bedrock  Geology 
Stream  Geochemistry 


ORIGINAL  DATA  SETS 

STORAGE 

6  Bit  Resampled  to  8 
0  -  255  value  range 

8  Bit 

0-255  value  range 
4  Byte  Real 

-10  to  +10  value  range 
4  Byte  Real 

Vector 

Raster  Scanned 

ASCII 


RESOLUTION 

79  X  79  m 
Pixel 

Bands  4, 5, 6, 7 

30  by  30  m 
Pixel 

Bands  1,2, 3, 4, 5, 7 

125  by  125  m 

Pixel 

One  Band 

250  by  250  m 
Pixel 

Total  counts 
eU,  eTH,  %K  and 
U/Th,  U/K,  Th/K 

Digitized  in 
ARC/INFO  (arcs,  nodes) 

Obtained  from  the  Canada 
Land  Data  System 

Point  data  UTM  reference 
element  assay  values 


Advice  on  how  best  to  proceed  is  available  from  the 
GSC,  COGS,  or  the  private  companies  mentioned  in  the 
text. 


GIS  FUNCTIONALITY 

With  the  final  geo-database  residing  on  SPANS  the 
analytical  power  of  the  system  could  be  used.  Along 
with  the  existing  quadtree  maps;  surficial  geology, 
bedrock  geology,  satellite  and  geophysical  maps,  new 
maps  were  created  from  the  lineament  vectors  and 
point  data.  Proximity  mapping  was  accomplished  for 
the  lineaments  by  generating  corridors  out  from  the 
vectors.  Similarly  cocentric  circular  zones  were 
created  around  the  known  mineral  occurrences.  The 
stream  geochemistry  survey  data  was  converted  into  a 
thematic  trend  surface  for  each  element. 

With  the  input  maps  completely  established,  analysis 
and  modelling  of  the  data  can  be  used  to  determine 
relationships  between  the  data.  Various  area 
analysis  techniques  may  be  used,  on  single  maps  as 
well  as  for  two  map  correlations.  Several  overlay 
operations  are  available,  for  example,  up  to  14  maps 
can  be  superimposed  to  produce  a  unique  output  map. 
The  maps  and  attributes  of  each  can  be  weighted  to 
produce  the  desired  areas  of  interest.  The  system 
also  employs  its  own  modelling  language  which 
features  preprogrammed  mathematical  functions  (e.g. 
trigonometric,  logarithmic,  etc.)  and  the  ability  to 
express  numerous  complex  relationships.  The  user  can 
also  query  several  maps  in  the  database 
simultaneously,  as  well  as  large  point  files. 
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ABSTRACT 

Satellite  oceanic  remote  sensing  applications  to  fisheries 
research  and  fish  harvesting  in  the  U.S.  are  reviewed.  Specific 
case  studies  are  discussed  to  show  how  satellite  data  have 
been  used  in  fisheries  that  are  marketed  as  different  types 
of  fishery  products.  These  include  albacore  tuna  which  is 
marketed  primarily  as  a  canned  product,  northern  anchovy 
which  are  reduced  for  meal  and  industrial  products,  Pacific 
salmon  species  marketed  mostly  as  fresh  and  fresh-frozen 
table  fish,  and  Gulf  of  Mexico  shrimp  which  are  marketed 
mostly  fresh. 

INTRODUCTION 

Satellite  oceanic  remote  sensing  can  be  a  very  powerful 
tool  when  used  in  fisheries  research  and  in  harvesting  marine 
resources.  The  successes  gained  in  experiences  using 
satellite  data  in  fisheries  investigations  and  in  harvesting  thus 
far,  indicate  there  is  immense  potential  for  expanding  its 
utilization.  Satellite  remote  sensing  can  supply  environmental 
information,  which  can  lead  to  improvements  needed  to 
ensure  the  effective  management  of  marine  fishery  resources. 
It  also,  can  provide  information  to  detect  potentially 
productive  fishing  grounds  and  to  make  improved  weather 
and  sea  condition  forecasts  for  the  safety  of  fishermen  and 
their  vessels  and  equipment. 

Variations  in  ocean  conditions  play  crucial  roles  in  causing 
natural  fluctuations  of  fisheries  resources  and  their 
vulnerability  to  catch.  Comprehensive  information  on  the 
changing  ocean,  rather  than  on  average  ocean  conditions, 
is  needed  to  effectively  manage  many  stocks  of  living  marine 
resources  and  to  efficiently  han/est  them. 

The  strength  of  satellite  remote  sensing  lies  in  the  ability 
of  spacecraft  sensors  to  monitor  ocean  variability  v  'th  the 
combined  advantages  of  large  scale  synopticity,  high  spatial 
resolution  and  frequent  repeatability.  Each  of  these 
characteristics  is  prerequisite  to  understanding  the  effects  of 
ocean  variability  on  fishery  resources. 

Despite  its  strengths,  satellite  remote  sensing  has 
weaknesses,  chief  of  which  is  the  capability  of  sensors  to 


measure  only  the  surface  skin  or  uppermost  layer  of  the 
ocean.  In  addition,  most  present  sensors  provide  useful  data 
only  in  cloud-  free  areas.  The  application  of  satellite  remote 
sensing  to  fisheries  has  also  been  hampered  by  difficulties 
in  obtaining  satellite  data,  the  lack  of  affordable  systems  to 
process  it,  and  by  a  shortage  of  trained  people  needed  to 
conduct  research  and  development  and  education  of  fisheries 
users.  However,  recent  advances  in  the  capabilities  of 
data-processing  systems  and  improved  training  opportunities 
in  satellite  oceanography,  offer  promise  for  the  future. 

In  this  manuscript,  after  a  brief  over-view  of  satellite  data 
used  in  fisheries,  experiences  are  summarized  from  marine 
fisheries  investigations  which  have  utilized  satellite  data. 
Specific  examples  have  been  selected  to  show  how  satellite 
data  have  been  used  in  fisheries  that  are  marketed  as  different 
types  of  fishery  products  including:  albacore  tuna  which  are 
marketed  primarily  canned,  Chinook  and  coho  salmon  which 
are  sold  fresh,  northern  anchovy  which  are  reduced  for  meal 
and  industrial  products,  and  Gulf  of  Mexico  shrimp  which 
have  several  types  of  markets. 

SATELLITE  DATA  USED  IN  FISHERIES 

Satellite  measurements  that  have  been  used  in  fisheries 
applications  are:  ocean  temperature  and  color  and  ocean 
wind  stress.  Most  fisheries  research  studies  and  operational 
uses  of  satellite  sea  surface  temperature  (SST) 
measurements  have  utilized  data  from  thermal  infrared 
sensors  onboard  the  TIROS  polar-orbiting  meteorological 
satellites.  Some  have  also  used  infrared  data  from 
geostationary  satellites.  However,  only  a  very  limited  number 
of  attempts  have  been  made  to  apply  ocean  temperature 
measurements  made  by  microwave  instruments.  The  Coastal 
Zone  Color  Scanner  (CZCS)  on  the  Nimbus-7  satellite 
provided  color  measurements  from  space  from  early  1979 
to  about  mid-1985.  The  excellent  ocean  color  data  from  the 
CZCS  have  probably  been  more  valuable  for  fisheries  uses 
than  any  other  ocean  measurements  made  from  space. 
There  has  been  very  limited  success  in  using  Landsat  color 
imagery  in  fisheries  studies.  The  scatterometer  (SASS) 
aboard  the  Seasat-A  satellite  furnished  data  which 
demonstrated  the  importance  to  fisheries  of  high  resolution 
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surface  wind  stress  measurements  from  space.  Satellite  wind 
stress  measurements  can  be  used  to  calculate  ocean  surface 
layer  transport,  which  controls  the  distribution  of  larval  stages 
and  the  subsequent  recruitment  and  harvests  of  many  marine 
fishes  and  shrimps.  Satellite  measurements  of  ocean  winds 
can  also  be  extremely  valuable  in  the  detection  and  forecast 
of  weather  and  sea  conditions  hazardous  to  safety  at  sea. 

EXAMPLES  OF  SATELLITE  APPLICATIONS 
TO  FISHERIES 

Albacore  Tuna  -  A  Canned  Product  Fishery 

Albacore  are  highly  mobile  tuna  which  are  widely 
distributed  throughout  the  world’s  oceans.  In  the  North 
Pacific  Ocean,  they  migrate  seasonally  into  waters  off  the 
coast  of  North  America  during  July  through  October,  where 
they  support  important  U.S.  commercial  and  recreational 
fisheries.  Most  of  the  albacore  caught  by  commercial  fisheries 
is  consumed  as  a  canned  product.  The  distribution, 
availability  and  vulnerability  of  albacore  off  the  west  coast  of 
the  U.S.  have  been  found  to  be  related  to  oceanic  fronts 
seen  in  AVHRR  infrared  and  CZCS  imagery  (Laurs  et  al., 
1984;  Jurick,  1985;  and  Svejkovsky,  1987). 

An  investigation  employing  AVHRR  infrared  temperature 
and  CZCS  color  imagery  and  concurrent  daily  commercial 
fishing  catch  records  clearly  showed  that  satellite  temperature 
and  color  data  can  be  used  to  define  the  environmental  limits 
of  the  spatial  distribution  of  fishable  aggregations  of  albacore, 
and  can  do  so  more  effectively  than  ship  or  aircraft  data 
(Laurs  et  al.,  1984).  This  study  convincingly  demonstrated 
that  the  distribution  and  availability  of  albacore  off  the  west 
coast  of  California  are  related  to  oceanic  fronts  associated 
with  coastal  upwelling.  Commercially  fishable  aggregations 
of  albacore  are  found  in  warm,  blue  oceanic  waters  near 
temperature  and  color  fronts  that  mark  the  seaward  edge  of 
waters  which  had  been  upwelled  near  the  coast.  Relatively 
intense  fronts  are  favored  and  shoreward  intrusions  of  warm, 
clear  oceanic  water  are  particularly  favorable  sites  for 
albacore  concentration.  This  study  also  found  that  during 
late  summer,  commercial  concentrations  of  albacore  several 
hundreds  of  miles  offshore,  were  associated  with  oceanic 
boundaries  noted  by  color  fronts  detectable  from  satellite, 
but  without  temperature  gradients.  The  color  boundaries 
probably  distinguished  the  North  Pacific  Subtropical  Front. 
In  another  study,  the  distribution  of  albacore  in  winter  was 
linked  to  SST  fronts  observed  in  AVHRR  imagery,  which 
probably  to  mark  the  outer  boundary  of  the  California  Current. 
(Laurs  et  al.,  1981). 

Possible  mechanisms  responsible  for  the  aggregations  of 
albacore  in  the  vicinity  of  upwelling  boundaries  is  being 
investigated  using  data  from  acoustic  tracking  of 
free-swimming  albacore  and  concurrently  collected 
oceanographic  data  from  ships  and  AVHRR  and  CZCS  data 
from  satellites.  The  results  suggest  that  albacore  aggregate 
on  the  warm,  clear  oceanic  side  of  coastal  upweliing 
boundaries  and  avoid  areas  of  higher  productivity  and  forage 
density  in  upwelled  waters,  because  they  are  not  able  to 
detect  prey  in  the  turbid,  upwelled  water.  (Laurs,  in  prep.). 


U.S.  albacore  fishermen  make  extensive  use  of  satellite- 
derived  fishery  advisory  products  for  determining  favorable 
locations  to  fish  and  for  safety.  SST  analyses  based  on 
satellite  data  have  been  routinely  available  for  nearshore 
coastal  waters  off  the  U.S.  west  coast  since  1975  (Breaker 
and  Jurick,  1975).  The  forr  ,ii,  degree  of  detail,  and  methods 
of  dissemination  of  these  analyses,  which  are  in  chart  form, 
have  varied  over  the  years  (Breaker,  1981).  Presently,  they 
consist  of  large-scale  thermal  boundaries  which  are  derived 
from  AVHRR  imagery,  and  isotherms  which  are  based  mostly 
on  in  situ  observations  from  ships  and  buoys.  The  charts 
are  prepared  twice  a  week  and  are  distributed  to  fishermen 
by  radio  facsimile  and  by  mail. 

An  AVHRR  infrared  sea  surface  temperature  analysis  for 
west  coast  waters,  with  considerable  more  detail  is  available 
to  fishermen  on  a  subscription  basis  from  Ocean  Imaging 
Company  in  San  Diego,  California.  The  satellite  derived 
thermal  analysis  charts  are  distributed  to  fishermen  at  sea 
by  radio  facsimile,  or  photographs  with  false-color  are 
disseminated  by  express  mail  or  hand  delivery.  An  increasing 
number  of  albacore  and  other  fishermen  subscribe  to  these 
ocean  products  because  they  are  specially  tailored  to  meet 
their  needs,  including  high  spatial  resolution  of  surface 
boundary  features. 

To  obtain  satellite  imagery  when  operating  in  distant  water 
locations,  some  albacore  fishermen  have  purchased  low-cost 
systems  designed  for  direct  reception,  processing  and 
display  of  satellite  imagery  on  board  ship.  These  systems 
receive  visual  and  infrared  imagery  with  a  4  km  pixel  size  by 
Automatic  Picture  Transmission  (APT)  signals  directly  from 
polar-orbiting  satellites.  The  visual  imagery  is  used  to  help 
avoid  areas  of  hazardous  weather,  and  the  infrared  imagery 
is  being  used  to  interpret  SST  patterns  for  more  efficient 
track  and  fishing  ground  selection,  in  cloud-free  areas. 

During  the  early  1980’s  and  continuing  until  the  CZCS 
sensor  failed,  ocean  color  boundary  charts  based  on  CZCS 
imagery  were  utilized  by  U.S.  west  coast  albacore  to  locate 
potentially  favorable  locations  to  fish  (Montgomery  et  al., 
1986).  These  charts  were  prepared  and  disseminated  via 
radio  facsimile  in  a  program  funded  by  the  Jet  Propulsion 
Laboratory  and  involving  Scripps  Institution  of  Oceanography 
and  the  U.S.  National  Marine  Fisheries  Service.  According 
to  surveys  of  fishermen,  these  satellite-derived  ocean 
products  were  remarkably  useful  in  locating  favorable  areas 
to  fish  for  albacore,  and  could  save  them  as  much  as  50% 
in  search  time. 

Oregon  Coho  and  Chinook  Salmons  •  A  Fresh 
Market  Fishery 

Chinook  and  coho  salmon  support  lucrative  markets  as 
fresh  fish  products.  An  investigation  is  underway  to  evaluate 
the  use  of  satellite  imagery  to  determine  the  optimal  time  of 
release  of  salmon  smolts  from  hatcheries  on  the  Columbia 
River  to  correspond  with  ocean  conditions  favorable  for  their 
survival.  Increasing  the  sun/ival  and  subsequent  contribution 
of  saimon  released  from  hatcheries  to  commercial  and 
recreational  fisheries  can  have  significant  economic  benefit. 
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Up  to  90%  of  the  salmon  caught  in  the  waters  off  the 
Columbia  River  are  reieased  from  hatcheries  on  the  Coiumbia 
River.  About  60%  of  the  salmon  caught  in  other  areas  off 
the  Pacific  Northwest  are  from  salmon  released  from 
hatcheries  on  other  coastai  rivers  and  streams.  While 
hatchery  produced  salmon  contribute  most  of  the  fish  which 
are  harvested,  the  percentage  offish  reieased  that  are  caught 
is  low,  e.g.  only  about  2%  for  Columbia  River  hatcheries. 
About  98%  of  the  saimon  that  are  reieased  suffer  mortality. 
A  major  part  of  the  mortaiity  is  beiieved  to  occur  in  the  ocean 
soon  after  the  smolts  arrive  there,  subsequent  to ».  vr  reiease 
from  the  hatcheries  (Pearcy,  1984). 

The  research  is  directed  toward  testing  the  hypothesis  that 
the  survivai  of  young  saimon  reieased  from  Columbia  River 
hatcheries  is  related  to  variations  in  characteristics  of  the 
Coiumbia  River  plume  and  its  interactions  with  other  oceanic 
processes,  notably  coastal  upwelling.  The  goal  of  the 
research  is  to  ascertain  if  sateiilte  imagery  can  be  used  to 
determine  when  ocean  conditions  are  favorabie  for  young 
saimon,  so  that  the  reiease  of  the  smolts  from  hatcheries 
may  be  timed  for  optimai  survivai.  Even  modest  increases  in 
survivai  could  result  in  substantiai  increases  in  salmon 
available  for  harvest,  and  have  significant  economic  vaiue. 

Findings  thus  far  have  demonstrated  that  ocean 
temperature  and  phytopiankton  pigment  images  derived  from 
AVHRR  and  CZCS  data,  respectively,  show  that  the  Columbia 
River  plume  has  remarkable  variability  in  coastal  waters  off 
the  Pacific  Northwest  (Fiedier  and  Laurs,  in  review).  The 
orientation,  shape,  intensity  and  relative  temperature  of  the 
piume  vary  in  response  to  coastal  winds  and  wind-driven 
surface  currents. 

The  use  of  sateiiite-derived  SST  distribution  and  frontal 
boundary  anaiyses  by  commercial  fishermen  to  iocate 
potentialiy  fruitful  locations  to  catch  fish  is  a  further  application 
of  sateiiite  remote  sensing  to  Pacific  Northwest  salmon 
resources. 

Northern  Anchovy  •  A  Fishery  Where  Catches 
are  Reduced  For  Oil  and  Industrial  Uses 

Northern  anchovy,  Engraulis  mordax,  is  a  California  Current 
fish  targeted  for  an  oil  and  meal  reduction  fishery.  Like  most 
fish  species  harvested  for  their  oil  and  meal,  the  anchovy  is 
relatively  short-lived  and  spends  its  early  life  history  stages, 
part  of  which  are  planktonic,  in  the  upper  mixed  layer.  Its 
spawning,  early  survival  and  recruitment  to  the  fishery  are 
believed  to  be  largely  controlled  by  ocean  conditions  (Lasker, 
1978). 

Satellite  imagery  has  been  used  to  investigate  ocean 
processes  in  relation  to  northern  anchovy  spawning.  In  these 
studies,  which  were  conducted  for  several  years  during 
anchovy  spawning  periods,  satellite  data  were  collected  on 
a  daily  basis  coincident  with  fine-grid  oceanographic  ship 
observations.  Shipboard  observations  included  sampling  of 
anchovy  eggs,  larvae  and  adults  as  well  as  physical 
oceanographic  measurements.  The  objectives  of  the 


investigations  were  to  relate  variations  in  mesoscale  SST 
distributions  (Lasker  et  al.,  1981)  and  phytoplankton  pigment 
and  SST  distributions  (Fiedler,  1983)  with  anchovy  spawning, 
and  to  identify  and  delineate  ocean  processes  that  might  be 
important  to  the  survival  of  fish  eggs  and  larvae.  Based  on 
satellite  imagery  and  confirmed  by  shipboard  observations 
during  the  studies,  which  were  conducted  in  the  Southern 
California  Bight,  there  were  were  distinct  temperature  and 
pigment  regimes  in  the  general  geographic  region  where 
anchovy  spawning  normally  takes  place. 

Lasker  et  al.  (1981)  found  that  anchovy  avoid  recently 
upwelled  water  and  that  the  areal  extent  of  upwelled  water 
may  be  mapped  using  infrared  satellite  imagery.  They 
concluded  that  the  anchovy  habitat  for  spawning  in  the 
northern  part  of  the  Southern  California  Bight  could  be 
defined  using  AVHRR  satellite  data.  Fiedler  (1983) 
corroborated  Lasker  et  al.  (1981)  conclusion  and  also  found 
that  the  limits  of  the  spawning  habitat  in  the  southern  part 
of  the  Bight  could  be  differentiated  using  CZCS  imagery.  The 
spatial  distribution  of  northern  anchovy  spawning  can  thus 
be  defined  by  mesoscale  patterns  in  sateiiite  temperature 
and  phytoplankton  pigment  images  (Lasker  et  al,  1981  and 
Fiedler,  1983).  While  neither  parameter  alone  is  sufficient, 
both  together  may  define  the  spatial  distributions  nearly 
completely.  In  general,  the  northern  extent  of  spawning  in 
the  Southern  California  Bight  and  the  offshore  extent  north 
of  Santa  Catalina  Island  are  limited  by  cold,  upwelled  water 
advected  south  of  Point  Conception.  Spawning  to  the  south 
is  limited  by  low  phytoplankton  pigment  levels  in  oceanic 
water  20-100  km  offshore  rather  than  by  temperature. 
However,  these  factors  do  not  directly  determine  spawning 
success,  but  rather  are  indicators  of  oceanic  conditions  and 
processes  that  determine  the  spawning  habitat. 

Fiedler  (1984)  also  demonstrated  the  effectiveness  of  using 
satellite  AVHRR  and  CZCS  imagery  to  monitor  shifts  in 
anchovy  spawning  habitat  off  California  associated  with  the 
1982-1983  El  Nino  warm-water  conditions. 

Shrimp  In  The  Gulf  Of  Mexico  •  Mostly  a  Fresh 
Product  Fishery 

Surface  layer  transport  processes  play  an  critical  role  in 
the  life  cycle  of  shrimp.  Dispersal  mechanisms  control  the 
distribution  of  early  life  stages  of  shrimp  and  the  transport 
of  developmental  stages  from  offshore  waters  to  coastal 
estuarine  areas  in  the  Gulf  of  Mexico.  Thus  the  recruitment 
and  future  harvest  of  shrimp  resources  are  determined,  in 
large,  part  by  ocean  surface  layer  transport. 

Brucks  et  al.,  in  prep.,  also  see  Laurs  and  Brucks  (1985), 
conducted  a  case  study  to  investigate  whether 
high-.^esolution  measurements  of  wind  stress  by  the  Seasat-A 
scatterometer  (SASS)  could  improve  estimates  of  surface 
layer  and  larval  shrimp  transport  based  on  traditional 
geophysical  models.  The  SASS-  measured  wind-stress  field 
was  used  to  calculate  surface  currents  by  the  standard 
homogeneous,  steady-state  Ekman  solution.  The  SASS 
approach  reduces  the  number  ot  assumptions  involved  in 
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the  calculation  of  the  wind-stress  vector  and  presumably 
provides  more  accurate  estimates  of  surface  circulation. 
Striking  spatial  and  temporal  variability  in  wind-drift  pattern 
and  regions  of  convergence  and  divergence  were  apparent 
in  the  Gulf  of  Mexico  using  the  SASS  wind-stress  data  to 
calculate  surface-layer  transport  processes.  The  investigators 
used  surface-layer  transport  estimates  calculated  from  the 
SASS  data  to  define  potential  offshore  areas  where  shrimp 
spawn  material  and  very  early-life  stages  could  be  rich  in  the 
plankton  and  coastal  areas  where  larval  and  post-larval 
planktonic  stages  could  accumulate  prior  to  settling.  They 
found  that  processes  conducive  for  accumulation  in  the 
offshore  regime  mainly  in  the  west  central  Gulf  and  some 
projections  to  the  south,  west  and  north.  The  predicted 
coastal  areas  were  in  dose  proximity  to  shrimp  nursery 
grounds  in  Louisiana.  Texas  and  Florida. 

Brucks  et  al.  concluded  that  synoptic  and  repetitive  direct 
measurements  of  wind  stress  by  the  SASS  provided  a 
significantly  enhanced  capability  to  determine  variability  in 
wind-driven  events  that  strongly  influence  shrimp  recruitment 
processes  in  the  Gulf  of  Mexico. 
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REMOTE  SENSING  AND  MODERN  FISHING  TECHNOLOGY  -  ITS  IMPACT  ON 
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World  population  is  increasing  steadily  while  the  food 
supply  becomes  taxed  and  mankind  turns  increasingly  to  the 
oceans  for  food  and  livelihood.  The  fishery  has  changed 
dramatically  in  the  past  few  decades  with  powerful 
instrumentation  now  available  to  fishery  fleets  which 
readily  allow  location,  identification  and  efficient 
harvesting  of  the  resource.  In  addition,  better  knowledge 
of  oceanic  features  and  the  distribution  of  resource  species 
in  relationship  to  those  features  increases  harvesting 
effectiveness.  This  paper  focuses  on  the  impact  of 
sophisticated  equipment  and  remote  sensing  technology  on 
aquatic  resources  and  their  harvesting,  management  and 
conservation.  Particular  emphasis  is  placed  on  the  British 
Columbia  salmon  fishery  which  suffers  particular  problems 
related  to  excessive  harvesting  capacity. 
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COMPARISON  OF  SHIP  AND  AERIAL.  SURVEYS  OF  SARDINE  SCHOOL 


Ichiro  Hara 


Selkal  Regional  Fisheries  Research  Laboratory 
Kokubu-machi  Nagasaki,  850  Japan 
phone  0958-22-8158  FAX  0958-21-4494 


Field  tests  were  made  to  compare  estimates  of  sardine  schools  resulting 
from  simultaneous  ship  and  aerial  observations.  The  aerial/ship  observations 
were  performed  around  the  areas  where  big  catches  of  sardine  have  been  taken. 
In  the  surveyed  area,  the  sardine  schools  can  be  sighted  and  counted  easily, 
making  the  direct  counting  very  advantageous.  The  schools  are  only 
distinguished  from  their  dark  color  against  lighter  background  of  ocean. 

A  comparison  of  density  estimated  v/ith  the  two  types  of  surveys,  namely 
ship-  and  air-borne  observation  are  discussed  here  as  a  sea  truth.  In  case  of 
air-borne  observation  schools  counted  were  only  16. 5X  of  ship-borne 
observation.  This  may  be  caused  by  the  difference  of  the  visibility  between 
two  ways.  I  think  the  direct  detection  of  schools  and  counting  may  be  used 
widely  and  expect  to  be  able  to  count  schools  from  space  in  future. 

KEY  WORDS:  aerial  survey,  sardine,  line  transect,  sonar. 


INTRODUCTION 

Development  of  rapid  and  direct  method 
for  assessing  stock  abundance  is  one  of  the 
most  important  subjects  of  fish  population 
studies.  The  author  has  developed  a  method  to 
count  fish  schools  directly  and  assess  fish 
stocks  on  the  basis  of  aerial/ship  surveys 
(Hara, 1983 , 1986 ) .  The  day-time  aerial/ship 
observations  were  performed  around  the  areas 
where  big  catches  of  sardine  have  been  taken 
(Fig.l).  The  sardine  catch  in  the  area  off 
southeastern  coast  of  Hokkaido,  which  is  of 
concern  in  this  paper,  exceeded  one  million 
tons  in  during  the  July-October  fishery.  In 
the  surveyed  area,  the  sardine  schools 
distributed  vertically  in  shallow  areas 
(Hara, 1984),  and  the  schools  are  sighted  and 
counted  easily  from  the  air.  The  schools  are 
only  distinguished  from  their  dark  color 
against  the  lighter  background  of  the  ocean. 
The  shapes  of  the  schools  are  usually 
elongate  and  narrow,  but  there  are  other 
shapes  as  well .  The  shapes  of  the  schools  are 
classified  into  three  types,  such  as  oval. 


Fig.l  Locations  of  the  area  surveyed. 
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Fig. 2  Transect  lines  of  the  aerial  and  ship 
surveys  totaling  142  n.m.  The  upper  part 
shows  the  result  of  aerial  surveys  and  the 
lower  part  shows  the  result  of  scanning  sonar 
surveys.  Numbers  show  the  number  of  sardine 
schools  observed. 


crescent  and  elongate  (Hara)1985).  The 
typical  horizontal  dimensions  of  the  large 
elongate  or  crescent-like  schools  are  10m  in 
width  and  100-200m  in  length.  Oval- . iKe 
schools  has  20-30m  in  maximum  axis.  In  this 
survey  area.  the  maximum  sardine  school 
dimensions  ranged  from  20-200m.  Moreover,  we 
can  easily  estimate  a  moving  direction  of 
schools  by  observing  the  changes  in  shape  and 
color  (Kara, 1985). 

MATERIALS  and  METHODS 

Sea  truth  data  were  obtained  to  compare 
estimates  of  sardine  school  density  resulting 
from  simultaneous  ship  and  aerial 
observations  on  Sept.  29,  1987.  Furthermore 
duplicating  surveys  were  conducted  on  the 
same  transect  line  by  aircraft  or  ship  before 
or  after  sea  truthing  (Fig. 2).  For  all  fish 
schools  sighted  within  a  given  distance  from 
the  observer,  school  density  is  estimated 
(Eberhardt, 1978  and  Gates, 1979),  as  follows, 

D  =  n/2LW, 


Table  1.  Comparison  of  densities 
( schools/n.m. ® )  of  sardine  schools 
derived  from  sonar  and  aerial  counts 
over  the  same  transects  (142n.m.). 


Time 

No .  of 
schools 

Distance 

(miles) 

Density 

Aircraft 

Sept. 28 

524 

142 

4.1 

29 

541 

142 

4.2 

Sonar 

Sept. 29 

2,348 

142 

61.2 

30 

1,966 

142' 

51.3 

where  D=number  of  schools  per  square  nautical 
mile;  n=number  of  schools  sighted;  L=length 
of  the  transect  line;  and  W=the  average 
distance  under  observation  to  the  right  or 
left  of  the  transect  line  (half  of  the 
swath).  Aerial  counts  were  made  from  a  Cessna 
U-206Q  flying  at  an  altitude  of  500m  with  a 
velocity  of  110  Kn.  The  estimated  width  of 
the  aerial  counting  strip  was  839m  (839  x  2m 
total  width).  During  the  visual  observation 
from  the  air,  schools  which  were  in  deeper 
layers  could  not  be  sighted.  However,  the 
schools  could  be  counted  from  the  ship  using 
a  scanning  sonar  or  a  vertical  echo  sounder. 
Counts  on  the  sonar  image  were  taken  at  a 
range  of  250m  (250  x  2m  total  width)  and  an 
angle  of  depression  between  0  and  5  degrees. 

RESULTS  and  DISCUSSION 

As  a  result  of  the  field  test,  sonar 
observers  reported  considerably  higher  mean 
densities  than  did  aerial  observers  (Fig. 2, 
Table  1).  In  order  to  examine  in  detail,  the 
transect  line  (Fig. 2)  was  separated  into  4 
transect  segments  by  north-south  line  and  a 
inshore-offshore  line.  In  case  of  the 
air-borne  observations,  schools  counted  were 
only  16. 5X  of  ship-borne  observations. 
Northern  part  of  inshore  segment  contained 
the  highest  number  of  counts.  The  counts  of 
other  three  transect  segments  ranged  from  0.6 
to  3.5X,  in  comparison  with  northern  part  of 
inshore  these  values  were  extremely  low.  This 
may  be  caused  by  the  difference  in  visibility 
in  two  ways. 

Table  2  shows  the  vertical  distribution 
of  sardine  schools  measured  by  vertical  echo 
sounders.  The  number  of  schools  found  in  a 
duplicating  survey  carried  out  on  the 
following  day  was  low.  That  is  to  say,  the 
number  of  schools  observed  was  388  schools  on 
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Table  2.  The  vertical  distribution  of 
sardine  schools  measured  by  Mishio-maru 
No. 5  using  the  echo  sounder.  The  right 
column  (Sept. 29*)  shows  the  distribution 
at  the  northern  part  of  Inshore  segment 
where  many  sardine  schools  were  observed. 


Depth 

Sept. 29 

Sept .  30 

Sept. 29* 

0-  2m 
2-  4m 

34 

4 

9 

4-  6m 

139 

81 

41 

6-  8m 

58 

37 

14 

8-lOm 

44 

37 

9 

e 

o 

28 

24 

7 

12-14m 

17 

19 

4 

14-16m 

16 

23 

3 

16-18m 

15 

16 

7 

18-20m 

9 

9 

1 

20-22m 

8 

9 

4 

22-24m 

5 

7 

4 

26-28m 

1 

3 

1 

28-30m 

1 

2 

0 

30- 

5 

9 

4 

Total 

388 

287 

113 

September  29th  and  287  on  September  30th.  A 
similar  trend  was  found  in  sonar 
observations.  The  modes  of  vertical 
distribution  are  seen  in  the  class  4-6m. 
Counting  vertically  downward  from  the  surface 
of  the  sea,  the  16. 5X  of  the  schools 
correctly  determined  belonged  to  the  class 
4-6m.  It  is  assumed  that  all  fish  schools 
which  were  distributed  vertically  were 
detected  by  sonar.  Calculations  made  with 
this  assumption  show  that  16. 5X  of  the 
underwater  schools  could  be  observed  from  the 
air.  In  other  words,  aerial  observers 
detected  fish  schools  within  a  depth  of  4  to 
6m  from  surface. 

With  aerial  surveys,  important  factors 
to  be  considered  are:  depth  of  school, 
clarity  of  water,  and  brightness  of  daylight. 
The  clarity  of  water  decreased  appreciably 
when  moved  towards  Inshore  from  offshore 
region.  At  the  northern  part  of  inshore 
segment  described  above,  tlie  optical 
transparency  of  water  in  this  region  is  4-5m 
usually  (Hara,1986).  The  results  of  the  fish 
detection  scheme  carried  out  consecutively 
for  five  years,  the  current  year  results  show 
a  close  correlation  with  those  of  the 
previous  year. 

As  shown  in  Table  2,  the  sardine  schools 
are  not  vertically  distributed  in  deep 


layers.  It  is  not  clearly  determined  whether 
it  was  the  same  group  of  schools  observed  by 
ship  and  the  aircraft  since  there  was  a  time 
lag  between  the  ship  and  aircraft  surveys. 
The  influence  of  time  lag  between  two  levels 
of  observations  and  the  levels  of  water 
clarity,  that  might  have  on  the  results  of 
these  surveys  is  yet  to  be  determined. 

A  sonar  survey  may  be  efficient  in 
counting  fish  schools  however,  an  aerial 
survey  provides  additional  information  such 
as  shape,  size  of  individual  schools,  the 
patterns  of  their  movement  and  distribution. 
The  main  disadvantage  of  making  a  survey  by 
ship  is  its  slow  speed,  it  takes  a  very  much 
longer  time  to  complete  a  survey,  where  as 
the  same  area  can  be  covered  by  aircraft 
within  a  fraction  of  that  time.  At  this 
stage,  it  can  be  said  that  the  combination  of 
acoustic  and  visual  observations  are 
important  in  direct  stock  assessments.  Author 
believes  that  this  method  of  direct  detection 
of  fish  schools  may  be  used  widely  in  future 
with  the  employment  of  multiple  data 
gathering  platforms  such  as  ships,  aircraft 
and  spacecraft. 
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Abstract 


To  examine  annual  fluctuations  in  capelin  (Mallotus  villosus)  stocks  on  the  east 
coast  of  Newfoundland,  aerial  surveys  have  been  conducted  since  1982.  This  method  is 
time-consuming,  labour-intensive,  and  restricted  to  light  conditions  suitable  for 
colour  photography  over  water.  To  overcome  these  disadvantages  we  are  devising  a 
digital  imaging  technique  which  relies  on  a  newly  developed  imaging  system,  the 
Compact  Airborne  Spectrographic  Imager  (CASI) .  The  advantages  of  the  CASI  over 
aerial  photography  are;  1)  data  can  be  collected  during  light  conditions  unfavorable 
for  colour  photography;  2)  the  digital  data  can  be  analyzed  following  each  flight;  3) 
data  are  stored  digitally  in  real  time;  and  4)  stored  data  can  be  easily  incorporated 
into  a  geographic  information  system.  In  this  paper,  we  describe  the  CASI  and  its 
operation,  show  how  it  will  be  used  to  develop  spectral  signatures  to  differentiate 
fish  schools  from  other  features,  and  discuss  the  future  operational  role  of  CASI  in 
monitoring  fish  stocks. 

Keywords:  digital  imagery,  spectrometer,  spatial,  spectral,  CASI,  capelin  schools 
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Introduction 

Capelin  (Mallotus  villosus) ,  a  small 
silvery  pelagic  fish  species,  inhabits  Arctic 
and  sub-Arctic  waters  in  both  the  Atlantic 
and  Pacific  Oceans.  Five  stocks  of  capelin 
are  commonly  found  on  Canada's  east  coast, 
four  of  which  migrate  from  offshore  areas  to 
coastal  beaches  to  spawn  during  a  four  to  six 
week  period  in  June  and  July.  Mature  capelin 
segregate  into  schools  according  to  sex. 
Males  tend  to  school  close  to  beach 
environments  and  females  congregate  in 
schools  in  deeper  water.  When  females  are 
ready  to  spawn,  they  move  towards  the  beach 
through  the  male  schools.  These  ripe  females 
are  the  target  of  an  intensive  fishery 
employing  purse  seines,  traps,  and  beach 
seines  to  supply  a  lucrative  Japanese  capelin 
roe  market. 

Estimation  of  spawning  biomass  is  based 
on  hydrographic  surveys  conducted  prior  to 
the’  actual  spawning  period.  To  verify  the 
annual  fluctuations  in  biomass  predicted  from 
acoustic  estimates,  a  catch  rate  index  and  a 
school  surface  index  are  estimated  on  a 
routine  basis  (Nakashima,  1988) .  The  latter 
is  based  on  annual  aerial  photographic 
surveys  of  capelin  schools  conducted  during 
the  spawning  period.  Photographs  are  taken 
at  an  altitude  of  457  m  utilizing  an  aerial 
photo-mapping  camera  and  colour  negative  film 
(Kodak  Aerocolour  Negative  2445)  for  limited 
water  penetration.  Experience  has  shown  that 
photography  must  be  restricted  to  sunny  days 
when  the  sun  angle  is  20  to  50  degrees,  the 
lower  limit  being  too  dark  and  the  upper 
limit  producing  sun  glint  from  the  water 
surface.  Following  the  surveys,  prints  are 
examined  to  count  and  measure  the  area  of 
each  capelin  school  (Nakashima,  1983,  1988). 
However,  the  aerial  photographic  method  is 
time-consuming,  labour-intensive,  and  limited 
to  light  conditions  required  for  successful 
colour  photography.  In  addition,  the  school 
surface  area  index  is  not  available  until 
several  months  after  the  survey  and  they 
cannot  be  converted  readily  to  abundance 
estimates,  a  necessary  step  in  the  assessment 
process  (Nakashima,  1983) . 

To  overcome  limitations  associated  with 
photographic  techniques  and  to  expedite 
analysis  of  data  we  consider  herein  the 
application  of  digital  remote  sensing  with 
the  Compact  Airborne  Spectrographic  Imager 
(CASI)  as  a  viable  alternative.  The  CASI  is 
a  pushbroom  sensor  which  operates  in  a 
spectral  range  of  423-946  nm.  The  instrument 
is  compact  and  easily  installed  aboard  small 
fixed-wing  airplanes  and  helicopters. 
Further  details  on  CASI  are  provided  by 
(Borstad  &  Hill,  Apr.  89,  Borstad  et  al., 
July  89)  . 

In  this  manuscript,  we  present  spectral 
and  spatial  data  of  capelin  schools  collected 
by  the  CASI  during  its  first  developmental 
mission  in  July  1988.  The  results  are  the 
first  step  toward  the  development  of  a  fully 
operational  digital  aerial  survey  of  capelin 
schools. 


Methods 

In  July  1988,  survey  tracks  were  flown 
in  a  Piper  Aztec  over  the  experimental  area, 
Coley's  Point  in  Conception  Bay, 
Newfoundland.  The  aircraft  was  equipped  with 
a  Zeiss  RMK  photo-mapping  camera  with  a  153 
ram  lens  and  with  the  first  prototype  of  the 
CASI.  Colour  negative  photographs  and 
digital  imagery  were  collected  simultaneously 
at  the  test  site  at  an  altitude  of  610  m. 

The  CASI  is  an  imaging  spectrometer 
which  utilizes  a  two-dimensional  (612  by  288) 
charge  couple  device  (CCD)  array  to  acquire 
both  spatial  and  spectral  data  (Borstad  & 
Hill,  Apr.  89) .  A  spatial  image  consists  of 
a  series  of  swaths  across  the  direction  of 
travel  formed  on  577  elements  of  the  612  on 
the  CCD  array.  The  remaining  elements  are 
used  to  obtain  dark  and  electronic  offset 
values.  A  diffraction  grating  is  utilized  to 
obtain  spectral  information  across  288 
elements  in  the  along  track  dimension  of  the 
array.  The  spectral  resolution  of  each 
element  is  1.8  nm.  During  this  experiment 
data  was  collected  in  two  imaging  modes; 
Spatial  and  Spectral. 

In  Spatial  mode,  or  Imaging  mode,  the 
CASI  is  similar  to  other  pushbroom  imagers, 
however  the  spectral  band  widths,  positions, 
and  number  are  programmable  during  flight. 
These  spectral  bands  can  be  as  narrow  as  1.8 
nm  or  several  hundred  nanometers  wide.  For 
this  flight  the  CASI  used  a  388  by  288  CCD 
array,  the  present  version  now  uses  the  612 
by  288  array  (Borstad  et  al.,  July  89).  A 
total  of  8  spectral  bands  were  used  during 
this  project,  with  a  spectral  range  from  545 
to  757  nm. 

In  Spectral  mode,  or  Multispectrometer 
mode,  the  CASI  can  be  thought  of  as  many 
independent  spectrometers  with  each 
spectrometer  having  a  resolution  of  1.8  nm. 
The  number  and  positioning  of  these 
spectrometers  is  programmable  during  flight. 
CASI  also  obtains  a  co-registered 
monochromatic  high  spatial  resolution 
reference  image,  'track  recovery  image',  so 
that  each  spectrometer  row  can  be  accurately 
located  (Fig.  1) . 

Results 

Capelin  schools  can  be  identified  from 
aerial  photographs  as  dark  patches  with  fluid 
edges.  Identification 
and  delineation  of  the  schools  is  subjective 
and  requires  experienced  interpretators.  For 
present  assessment  purposes  the  area  of  the 
school,  on  the  aerial  photograph,  is 
measured  with  a  planimeter.  Digital  data  on 
the  other  hand  .albeit  more  complex  to 
interpret,  should  yield  consistent  objective 
results. 

Early  results  show  that  the  CAbl  has  the 
spectral  and  radiometric  sensitivity  to 
detect  small  changes  caused  by  capelin  and 
can  display  these  changes  as  images.  At  this 
time  the  array  was  uncalibrated  so  this  has 
precluded  analysis  of  the  spectral  data. 
Later  data  acquired  with  a  calibrated  array 
show  that  the  track  recovery  image  is  an  aid 
to  the  researcher  in  identifying  the  location 
of  a  given  spectral  signature  (Borstad  & 
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Hill,  April  1989) .  By  fe  ng  these 
spectral  signatures  spatial  has  . «.  ctrum  can 
be  selected  to  optimally  v.  r'erentiate 
between  targets  such  as  fish  schools  and 
other  ocean  features. 

Discussion 

The  results  of  the  July  experiment 
demonstrate  that  the  CASI  can  be  employed  to 
collect  data  from  capelin  schools.  Radiance 
spectra  from  capelin  schools  compared  to 
other  features  such  as  kelp,  rock,  water, 
etc.  are  different  and  can  be  targeted 
inflight  for  a  monitoring  survey  such  as  the 
one  proposed  to  replace  the  capelin  aerial 
survey.  In  March  1989  the  CASI  was  used 
successfully  to  image  Pacific  herring  (Cluoea 
pallasi)  schools  on  the  west  coast  of  Canada 
(Borstad  and  Hill,  1989) .  The  capability  to 
detect  fish  schools  of  two  different  species 
has  exciting  potential  for  managing  fish 
stocks  which  are  amenable  to  this 
methodology.  Besides  performing  a  monitoring 
function,  digital  imagery  of  fish  schools  can 
be  analyzed  to  examine  the  distribution  of 
fish  with  respect  to  kelp  beds,  water 
features  such  as  upwelling  areas,  and  bottom 
bathymetry  in  a  geographic  information 
system.  Airborne  sensors  such  as  the  CASI 
can  complement  research  from  survey  vessels 
and  can  be  used  to  provide  synoptic  coverage 
of  large  areas  in  a  time  frame  much  shorter 
than  could  be  achieved  from  research  vessels. 

In  1989  a  study  will  be  conducted  to 
compare  the  results  from  a  capelin  monitoring 
programme  using  colour  aerial  photography  and 
digital  imagery  from  the  CASI.  The  results 
from  the  1988  experiment  will  permit  data 
acquisition  from  CASI  to  focus  on  a  few 
pertinent  spectral  bands  to  reduce  the  amount 
of  data  written  to  tape.  In  addition  to  real 
time  examination  of  the  digital  data,  a 
procedure  to  enumerate  schools  and  calculate 
school  areas  following  each  flight  will  be 
implemented.  This  will  significantly  enhance 
the  utility  of  the  method  for  resource 
managers  over  aerial  photography  which  now 
requires  up  to  2  months  to  obtain  prints  and 
a  further  2  months  for  analysis  of  fish 
schools.  Preliminary  studies  have  also 
demonstrated  that  the  CASI  can  detect  schools 
under  cloud  and  other  light  conditions  lower 
than  required  for  colour  photography  and  when 
the  sun  angle  is  greater  than  50  degrees. 
These  features  will  make  more  effective  use 
of  survey  time  during  a  period  when  school 
behavior  is  dynamic  and  weather  conditions 
can  be  quite  variable. 

Future  development  of  the  CASI  will 
allow  for  the  recording  and  correction  of 
incident  light  levels  along  the  flight  path. 
This  development  will  add  to  the  CASI's 
versatility  as  a  synoptic  research 
instrument.  The  direct  detection  of  fish 
schools  by  airborne  sensors  such  as  CASI  will 
enable  researchers  to  monitor  school  behavior 
with  respect  to  oceanographic  phenomena.  The 
ability  to  assign  spectral  signatures  to  fish 
schools  may  lead  to  classification  of  schools 
using  spectral  data  which  raises  the 
possibility  that  colour  variation  among 
schools  may  be  associated  with  differences  in 
density.  An  observed  relationship  between 
these  two  measurements  would  lead  to 


conversion  of  school  area  into  abundance 
estimates,  a  major  goal  in  fisheries  resource 
surveys. 
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288  spectral  bands 
for  each  "look  direction" 


577  pixel  wide 
track  recovery  image 


spectral  "look  directions" 

(number  and  position  selectable ) 


Figure  1:  In  CASI  Spectral  Mode;  data  is  read  from  one  or 
more  spectral  columns  to  provide  time  varying  spectral  data 
along  the  track  of  the  aircraft,  as  well  as  from  one  row  of 
the  array  to  form  a  monochromatic  high  spatial  resolution 
'Track  Recovery'  image.  The  raw  count  spectra  shown  are 
derived  from  single  pixels  at  the  positions  indicated  in  the 
Track  Recovery  image  (Borstad  S  Hill,  1989). 
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Abstract 

During  the  late  spring  of  1988  an  extensive  bloom  of 
the  toxic  algae,  Chrysochromulina  polylepis,  occurred 
in  the  Skagerrak  region,  which  influenced  most  life  in 
the  upper  30  meter  of  the  ocean.  The  algal  front  was 
transported  northward  with  the  Norwegian  Coastal 
Current  along  the  coast  of  southern  Norway,  where  it 
became  a  severe  threat  to  the  major  part  of  the 
Norwegian  seafarming  industry.  Based  on  the  need  of 
guidance  to  the  seafarming  community  and  for  public 
information  about  the  movement  and  effect  of  this  algal 
front,  an  expert  team  of  biologists,  oceanographers  and 
remote  sensing  specialists  were  established  among 
scientists  from  the  Institute  of  Marine  Research,  the 
University  of  Bergen  and  the  Nansen  Remote  Sensing 
Center  in  Bergen.  Data  were  obtained  from  research 
vessels,  aircrafts,  satellite  and  research  ocean  model 
were  made  available  to  be  used  in  the  forecast  of  the 
growth  and  movement  of  the  algae  front.  Remote 
sensing  data  of  sea  surface  temperature  from  the 
operational  US  NOAA  satellites  demonstrated  its 
capability,  in  combination  with  the  in  situ  biological, 
chemical  and  physical  observations,  in  following  the 
movement  of  the  algal  front,  which  in  this  case 
appeared  consistent  with  the  temperature  front,  prior 
to  the  culmination  of  the  bloom. 

Key  taords;  PLANKTON  BLOOM,  AQUACULTURE, 

Remote  Sensing,  Ocean  modelling 
Introduction 

During  spring,  increasing  light  intensity  and 
available  inorganic  nutrients  create  favorable 
conditions  for  intensive  growth  of  algae  (blooms), 
which  can  last  as  long  as  nutrient  supplies  are 
replenished.  Diatom  spring  blooms  are  a  normal  and 
necessary  part  of  the  productivity  of  the  ocean. 
Discoloration  of  the  sea  due  to  the  extreme  abundance 
of  planktonic  algae  is  a  phenomenon  frequently 
observed. 

Since  1966  a  number  of  toxic  blooms  of  dinoflagellate 
algae  have  been  reported  along  the  southern  coast  of 
Norway.  Most  were  caused  by  the  species  Gyrodinium 
aureolum,  producing  toxins  which  can  cause  fish  kills, 
and  by  Prorocentrum  minimum  producing  toxins 
which  may  accumulate  in  filter  feeding  animals  (e.g. 


mussels)  without  causing  harm  to  these  animals  but 
rendering  them  toxic  to  consumers  (Tangen,  1983). 

Recently  the  recreational  interest  in  coastal  areas 
has  increased  markedly,  causing  a  heightened  public 
awareness  of  unusual  blooms.  With  the  advent  of 
aquaculture,  toxic  blooms,  causing  shellfish  poisoning 
or  loss  of  valuable  cultured  fish,  achieve  the  status  of 
media  events. 

In  1988  the  alga  Chrysochromulina  polylepis  had  a 
massive  and  unpredicted  bloom  during  May-June  in 
the  Skagerrak-Kattegat  area,  where  it  occasionally 
outgrew  all  other  algae,  (Dundas  et  al.,  1989). 

Four  weeks  after  its  outbreak  in  eastern  Skagerrak 
the  bloom  covered  major  parts  of  the  Kattegat  and  the 
Skagerrak  causing  kills  of  both  wild  and  caged  fish. 
The  bloom  spread  northwards  with  the  Norwegian 
Coastal  Current  (NCC)  along  the  western  coast  of 
Norway  to  about  60°N. 


Fig,  1:  Surface  circulation  in  the  North  Sea,  Skagerrak  and 
Kattegat  area.  The  Baltic  Current:  BC.  The  N'irth  Jutland 
Current;  NJC.  The  Jutland  Current:  JC.  The  Norwegian  Coastal 
Current;  NCC. 
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In  spite  of  the  high  concentrations  of  cells  (up  to  70- 
80  million  cells  per  liter)  the  bloom  was  not  very 
striking  visually,  partly  because  maximal  algal 
populations  often  were  found  at  some  depth,  with  less 
dense  populations  at  the  surface,  causing  weaker 
discoloration.  The  bloom  was  accordingly  mainly 
noticed  by  its  lethal  effect  on  caged  fish  in  Hsh  farms 
along  the  coast.  About  500  tons  of  caged  fish  with  a 
market  value  of  approximately  US$  5  million  were  lost 
along  the  southern  coast  of  Norway  before  precautions 
were  taken. 

On  the  west  coast  of  Norway,  some  200  sea  farms 
containing  fish  with  a  value  of  approximately  US$  200 
million  were  evacuated  during  the  bloom.  Seafarm 
cages  were  relocated  by  towing  them  from  the  bloom- 
exposed  coastal  region,  to  relative  safety  in  the  brackish 
waters  of  the  inner  parts  of  the  fjords. 

The  surface  water  of  the  Kattegat  is  influenced  by  the 
outflowing  brackish  water  from  The  Baltic  Sea.  In  the 
eastern  Skagerrak,  this  water  mixes  with  water  from 
the  central  and  southern  North  Sea  entering  via  the 
North  Jutland  Current  (NJC),  and  flows  along  the 
entire  Norwegian  coastline  from  the  eastern  Skagerrak 
into  the  Barents  Sea,  forming  the  Norwegian  Coastal 
Current  (NCC),  (Fig.  1).  Remote  sensing  studies  (e.g. 
Johannessen  et  al.,  1983)  have  concluded  that  the  NCC 
is  characterized  by  a  complex  pattern  of  shifting 
meanders  and  eddy  structures  (Johannessen  et  al., 
1989b). 

The  surface  water  of  the  central  Skagerrak 
originates  mainly  from  North  Sea  water  overriding 
Atlantic  water  brought  in  via  the  Norwegian  Trench. 
The  anticlockwise  circulation  in  the  area  favours  an 
upwelling  of  deeper,  nutrient  rich  water  in  the  central 
part  of  Skagerrak  (Svanson,  1975),  which  is  of  of  great 
importance  for  the  fertilization  of  the  euphotic  layer 
and  consequently  the  productivity  of  this  area.  In 
addition  advective  transport  of  nutrients  to  this  system 
adds  to  the  natural  fertilization  of  the  coastal  waters 
and  is  a  potential  source  for  an  increasing  number  of 
plankton  blooms. 

The  described  circulation  pattern  makes  the  NCC 
the  only  outflow  for  the  North  Sea  and  Baltic  waters. 
The  waters  of  the  NCC  accordingly  reflect  any  pollution 
or  nutrient  enrichment,  caused  by  human  activities,  of 
North  Sea  and  Baltic  waters. 

In  the  Skagerrak  region  about  90  species  of  fish  are 
recorded,  of  which  some  30  are  of  commercial 
importance.  Lobster,  crab,  shrimp  and  mussels  are 
also  harvested  commercially  in  the  area.  The  total 
annual  commercial  catch  of  all  species  amounts  to 
400-500  tons  (Hognestad,  1984).  In  addition,  the 
sheltered  areas  of  the  Swedish  fjords  and  fjords  along 
the  entire  Norwegian  coast  offer  excellent  sites  for  a 
rapidly  growing  fish  farming  industry  with  an  annual 
production  value  of  approximately  US$  750  million. 

THE  1988  CmYSOCHROMULJNA  BLOOM 

The  first  documented  indication  of  this  toxic  bloom 
was  a  report  from  the  west  coast  of  Sweden  on  May  9th. 
Dead  wild  fish  were  first  observed  May  13th.  The  bloom 
extended  around  the  Skagerrak  basin  and  were 


advected  northward  along  the  west  coast  of  Norway, 
were  culminated  in  early  June.  During  the  bloom, 
algal  concentrations  in  the  surface  water  (upper  20  m) 
were  measured  up  to  a  maximum  of  100  million  cells 
per  liter.  The  highest  concentrations  could  be  found  in 
a  narrow  layer  between  the  mixed,  nutrient  poor, 
upper  layer  and  the  nutrient  rich  deeper  water.  Here 
the  algal  density  could  be  high  enough  to  be  recognized 
by  sonar  as  an  echo  scattering  layer  (Horstman  and 
Jochem,  1988). 

In  response  to  the  algal  bloom,  an  ad-hoc  expert 
group  with  members  from  the  University  of  Bergen,  the 
Marine  Research  Institute  and  the  Nansen  Remote 
Sensing  Center  (NRSC)  were  established,  with  the 
responsibility  of  coordinating  the  monitoring  of  the 
algal  distribution  and  relevant  environmental 
conditions  (Berge  and  Feyn,  1988).  Daily  forecasts  of  the 


Fig.  2:  Summary  of 
the  observed  algal 
front  including  both 
advance  and  retreat 
in  the  Norwegian 
Coastal  Current 
from  21  May  to  3 
June  defined  by  OS¬ 
LO  million  algal 
cells  pr.  liter. 


algae  front  position  (Fig.  2)  were  distributed  by  the 
Director  of  Fisheries  to  the  radio,  television  and 
newspapers.  Very  little  was  previously  known  about 
the  alga  concerned.  Investigations  of  its  physiology  and 
its  effect  on  other  organisms  were  carried  out 
concomitantly  with  the  monitoring  efforts.  The 
monitoring  and  the  forecasts  were  used  by  the 
seafarming  industry  and  their  insurance  companies 
for  formulating  advice  on  precautionary  evacuation  of 
caged  fish.  The  Seafarming  Sales  Association  in 
Trondheim  established  its  own  monitoring  group  to 
assist  their  members. 
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Several  research  vessels  from  the  Marine  Research 
and  University  of  Bergen  were  used  in  addition  to 
vessels  from  the  Norwegian  Coast  Guard  to  make  in 
situ  observation  of  the  biological  and  physical 
conditions  in  the  bloom  area.  Alter  the  species  had  been 
identified  as  C.  polylepis,  its  concentration  was 
determined  with  a  ship  based  flow-cytometer  and  'by 
direct  counting  of  unpreserved  water  samples  in  light 
microscopes  (Berge  and  F0yn,  1988).  The  movement  of 
the  algae  front  and  advection  of  the  warm  water  from 
the  Skagerrak  and  up  along  the  west  coast  turned  out  to 
be  consistent.  The  early  observations  indicated  a  close 
correlation  between  the  algal  front  and  the  satellite- 
derived  surface  warm  water  front.  The  spreading  and 
advection  of  the  algae  was  thus  indirectly  monitored  by 
satellite  infrared  surface  temperature  (IR)  data, 
during  cloud  free  periods  (Johannessen  et  al.,  1989a). 
Further  utilization  of  aircraft,  patrols  from  the  State 
Pollution  Authority,  Royal  Norwegian  Aircraft  and  the 
Swedish  Coast  Guard  were  performed.  None  of  these 
aircrafts  were  instrumented  to  do  spectral  ocean  color 
measurements,  but  information  from  infrared  (IR), 
ultraviolet  (UV),  Side  Looking  Airborne  Radar  (SLAR) 
and  Airborne  Expandable  Bathy-Thermographs 
(AXBT's)  sensors  turned  out  to  give  some  additional 
information  of  the  algal  front  zone.  Highly  dependent 
on  the  observation  condition  (sea  state)  and  depth  of 
major  concentrations  visual  observation  of  the  front 
signature  were  possible.  Free  drifters  tracked  by  the 
ARGOS  satellite  system  were  also  deployed  in  the  algae 
front  zone,  and  were  tracked  by  the  ARGOS  satellite. 
As  the  algae  and  coastal  water  advected  northward 
along  the  coast  of  west  Norway. 

The  propagation  of  the  algal  front,  deflned  as  a 
concentration  between  0.5  -  1.0  million  cells  per  liter, 
indicates  the  advance  and  retreat  of  the  bloom  along  the 
southern  and  southwestern  coast  of  Norway  from  May 
21st  to  June  3rd.  (Fig.  2). 

Between  May  15  and  May  21,  the  algal  front  moved 
southwestward  at  an  average  speed  of  5  km  per  day, 
while  between  May  21  and  May  22  the  westward 
advection  of  the  front  rapidly  increased  to  about  30  km 
per  day.  On  May  30  the  IR  image  showed  that  a  narrow 
front,  close  to  the  coast,  had  reached  Stavanger, 
indicating  a  mean  advection  speed  of  about  25  km  per 
day.  In  situ  mapping  of  the  sea  surface  temperature 
field,  current  measurements,  and  also  the  algal 
concentrations  registered  off  Stavanger,  verified  these 
satellite  observations. 

Synoptic  satellite  and  in  situ  observations,  data  from 
the  monitoring  program,  and  historical  data  from  a 
previous  research  program  on  the  NCC  were  used  in 
the  production  of  daily  forecasts  of  the  algal  front 
movement  (Fig.  2).  In  addition,  numerical  model 
simulation  was  done  in  support  of  the  forecasts  (Fig.  3), 
using  a  two  layer  quasi-geostrophic  modei  (Ikeda,  et 
al.,  1989)  with  a  grid  scale  of  5  km.  Wind  effects  and 
fjord  and  coastal  exchange  processes  were  not  included 
in  the  numerical  model.  The  model  was  initiated  with 
the  IR-derived  surface  temperature  field  from  May  22 
and  later  compared  to  IR  images,  current 
measurements,  and  algal  observations,  until  June  1 
(Johannessen  et  al.,  1989a).  Neglecting  local  growth  or 


death,  the  algae  were  assumed  to  drift  passively  with 
the  NCC.  Streamlines  of  the  flow  pattern  for  the  upper 
layer  in  the  model  on  May  22  to  June  1  are  shown  in 
Fig.  3.  During  this  period  the  wind  was  modest, 
supporting  the  omission  of  wind  effects  from  the  model. 

In  the  model  calculation,  the  initial  meander  from 
the  May  22nd  IR  image  developed  into  two  vortex  pairs 
on  June  1,  one  pair  off  Stavanger  and  the  second  pair 
farther  north.  Assuming  that  the  algae  drift  passively, 
the  advection  of  a  simulated  algal  front  was  included  in 
the  model  from  May  26  to  June  1.  The  downstream 
evolution  of  the  algae  trajectories  showed  a  meander¬ 
like  propagation  pattern  in  agreement  with  the  vortex 
pair  off  Stavanger  June  1.  The  central  part  of  the  front 
propagated  downstream  at  an  average  speed  of  20-25 
km  per  day.  Model  particles  simulating  the  algal  front, 
placed  near  shore,  initially  followed  a  clockwise  path, 
towards  the  coast,  whereas  particles  placed  on  the 
offshore  edge  of  the  jet-like  current  followed 
cyclonically  curved  trajectories  in  accordance  with  the 
formation  of  the  cyclonic  eddy  off  Stavanger.  The 
impression  from  the  model  is  that  particles  remained 
trapped  in  the  cyclonic  feature. 
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The  positions  and  configuration  of.  the  algal  front  on 
May  30,  and  the  detached  algal  plume  registered  on 
May  31  (Fig.  2),  are  in  good  agreement  with  the  results 
of  the  model  tracer  simulations,  which  demonstrates 
the  impact  that  meander  and  eddy  features  may  have 
on  the  dispersion  of  biological  material.  The  algal  front 
advected  northwards  with  the  NCC  until  the 
culmination  of  the  bloom  around  May  30th.  Thereafter, 
the  algal  front  retreated  into  the  Skagerrak  during  the 
first  three  days  of  June  (Fig.  2).  Cessation  of  growth 
and  possibly  also  algal  mortality  apparently  caused  the 
retreat  of  the  algal  front,  and  dominated  over  the  effect 
of  advection  by  the  northward  flow  of  the  NCC. 

Concluding  Remarks 

Although  the  forecasting  team  was  established  on  a 
short  notice,  the  resulting  observations  and  forecasts 
have  turned  out  to  be  of  high  quality.  The  benefit  from 
both  research  ocean  models  and  remote  sensing 
technology  have  clearly  stated  it's  operational 
applications.  Further  this  experience  have  emphasized 
the  need  for  remote  sensing  tool  to  spectral  observation 
of  ocean  color. 

On  initiative  from  NRSC  a  Norwegian  program; 
"Norwegian  Remote  Sensing  Spectrometry  for 
Mapping  and  Monitoring  of  Algal  blooms  and  Pollution 
•  NORSMAP",  have  been  initiated.  The  program  will 
utilize  airborne  spectrometers  in  conjunction  with 
biological  and  physical  in  situ  observation  during  the 
seasonal  bloom  periods. 
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Abstract 

Identifying  data  products  with  fisheries  applications  is  just  the  first  of 
many  developments  required  for  operational  fisheries  oceanography 
(OFO).  The  utility  of  OFO  in  the  Newfoundland  region  is  outlined, 
and  recent  Newfoundland  initiatives  are  described.  Proving  that 
fishing  profits  can  be  increased  by  OFO  is  an  experiment  currently 
underway  aboard  trawlers  off  Newfoundland  and  Labrador.  An  inter¬ 
ship  computer  network  to  exchange  data  and  maps  at  ranges  of  1000 
km  was  created  using  an  intelligent  modem  for  HF  packet  radio. 
This  low  baud  rate  link  appears  sufficient  for  collecting  proprietary 
data  from  trawl  monitors  on  commercial  vessels,  and  distributing 
data  products  genuinely  useful  to  trawler  skippers.  A  need  for  sea 
bottom  temperature  maps  (SBT)  from  sparse  data  led  to  a  bathy- 
metrically  guided  contouring.  Maps  of  SBT  residuals,  after  remov¬ 
ing  the  mean  temperature  at  depth,  show  spatial  autocorrelation 
scales  of  about  100  km  along  isobath,  and  about  100  m  in  depth 
(across  isobaths). 
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Introduction 


ice  maps,  oceanographic  data  is  presently  not  utilized  to  find  fish  in 
this  region. 

The  oceanographic  regime  around  Newfoundland  involves  strong 
currents,  ice,  and  year-round  cold  water  (Petrie  et  al,  1988).  End  of 
winter  temperatures  for  the  top  150  to  200  m  approach  freezing  for 
seawater  and  are  often  below  the  freezing  point  of  fish  blood.  Cold 
temperatures  persist  below  the  spring  and  summer  thermocline  as 
the  Cold  Intermediate  Layer  that  extends  to  the  ocean  bottom  in 
many  areas.  Cold  water  forces  many  fishes  off  the  shallow  banks 
to  find  deep  3°C  waters  on  the  continental  slope.  Cod  concentrate 
near  the  intersection  of  the  cold  layer  and  the  bottom  (Lilly  1982). 
For  American  plaice  and  yellowtail  flounder,  large  scale  mortality  is 
suspected  to  be  due  to  cold  water  in  the  recent  cold  periods  1972- 
3  and  1983-4  (R.  Bowering,  DFO.  pers.  com.).  Fig.  1  shows  the 
SBT  regime  on  the  Grand  Banks  for  1978  and  1984,  years  of  above 
and  below  average  temperature  (from  Wells  et  al  1988).  There  is 
important  interannual  variation  in  the  SBT  pattern,  and  attendant 
changes  in  the  distribution  of  fishes. 

SBT  and  water  column  temperatures  influence  fish  aggregations 
directly,  and  also  indirectly  through  prey  (Lilly  1982).  The  basis  for 
OFO  in  Newfoundland  is  not  just  that  fish  prefer  water  of  optimal 
temperature  or  prefer  water  that  contains  prey,  although  these  fac¬ 
tors  are  just  as  important  in  Newfoundland  as  anywhere  else  The 
added  factor  that  makes  OFO  uniquely  important  in  Newfoundland 
is  the  polar  water  that  floods  the  fishing  banks  from  time  to  time 
and  may  be  cold  enough  to  actually  kill  the  boreal  fishes  A  caveat 
is  required  here;  American  plaice  and  Atlantic  cod  are  often  found 
in  sub-zero  water,  and  it  is  not  known  how  the  cold  in  1972  and 
1983  might  have  killed  a  large  fraction  of  the  plaice. 


The  annual  catch  from  the  Newfoundland  and  Labrador  fisheries  is 
about  650,000  tons  and  has  an  economic  value  to  Canada  of  order 
one  billion  dollars.  About  half  of  the  wholesale  cost  of  the  fish 
products  involved  is  the  cost  of  trawler  operations  (G.  Etchegary, 
pers.  com.).  As  explored  below,  fisheries  oceanography  services 
promise  to  increase  profit  in  the  Newfoundland  fisheries.  Except  for 


Methods 

SBT  capture.  There  are  about  4  research  vessels  offshore  in 
Atlantic  Canada  on  any  day,  and  about  150  offshore  trawlers  If 
these  silent  trawlers  were  to  send  environmental  data  to  shore,  it 
would  create  an  new  capacity  to  observe  regional  ocean  events  and 
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to  provide  ocean  services.  Every  trawler  could  become  a  research 
vessel,  if  we  could  capture  the  data  that  now  cr'^sses  the  trawler's 
bridge  and  is  then  discarded.  For  instance,  some  trawlers  use  doppler 
current  profilers  for  midwater  trawling  operations  but  despite  the 
value  of  accumulating  this  data  they  keep  no  records  whatsoever. 
Modern  trawlers  utilize  trawl  monitoring  devices  capable  of  recording 
SBT,  reporting  from  the  trawl  by  cables  or  hydroacoustics.  For 
the  Newfoundland  experiment  we  concentrated  on  the  Norwegian 
SCANMAR  units  aboard  FPI  trawlers,  and  built  a  computer  package 
to  capture,  enhance,  and  display  the  hydroacoustic  trawl  signals, 
including  a  sonar  record  of  fish  entering  the  trawl. 

Satellite  SST  and  ocean  colour  are  not  simply  applicable  to  de¬ 
termining  submarine  fronts  and  other  SBT  features,  despite  the 
50-100  m  depth  of  the  Grand  Bank.  The  fishing  banks  in  this  re¬ 
gion  have  two  very  distinct  layers  in  summer.  The  transition  from 
say  10°C,  32  PSU  in  the  surface  slab  to  say  -i°C.  34  PSU  at  50  m 
is  abrupt,  and  acts  to  isolate  horizontal  temperature  patterns  in  the 
two  layers.  On  the  Southeast  Shoal  of  the  Grand  Bank,  a  circular 
'hot  spot'  in  SBT  is,  until  the  autumn  deepening  of  the  surface 
mixed  layer,  largely  independent  of  the  pattern  in  SST.  Obviously 
a  Gulf  Stream  ring  bumping  into  the  southwest  slope  of  the  Grand 
Bank  is  an  alert  to  changes  in  SBT  patterns;  the  matter  is  in  active 
research  (J.  Loder,  BIO,  pers.  com.)  Overriding  these  considera¬ 
tions  is  the  80%  mean  cloud  and  fog  cover  during  spring  and  summer 
on  the  Grand  Bank.  Theoretically  this  does  not  prevent  SST  maps 
from  being  accumulated  piecewise  through  holes  in  the  clouds  and 
fog,  but  operations  will  complex  and  still  unreliable.  Less  frequent 
orbiters  that  require  clear  skies,  eg  Landsat,  will  be  only  an  oppor¬ 
tunistic  aspect  of  OFO  in  the  Newfoundland  region.  Partly  because 
of  the  inadequacy  of  other  satellite  sensors,  we  expect  Radarsat  to 
become  a  staple  of  OFO  in  Newfoundland. 

DFO  fish  surveys  include  XBT  profiles  at  each  station,  but  for 
the  Newfoundland  region  these  are  never  available  within  a  week 
of  collection  These  trawling  surveys  do  provide  valuable  climato¬ 
logical  statistics,  although  there  is  poor  seasonal  coverage.  The 
NOAA  SEAS  program  (one-way  GOES  transmissions)  has  enabled 
a  smattering  of  real-time  SBT  from  the  fisheries  surveillence  vessels. 


Communications.  From  the  Tail  of  the  Bank  (42°N) 
flatfish  fishery  to  the  Davis  Strait  (67°  N)  shrimp  and  turbot  fish¬ 
eries,  two-way  data  communication  in  this  project  must  span  2800 
km.  We  found  using  voice  for  data  transfer  by  HF  radio  (even  when 
possible)  impossibly  tedious,  and  satellite  capital  and  operations 
costs  prohibitive.  OFO  traffic  must  be  secure,  since  the  operations 
of  fishing  boats  are  not  only  company  secrets  but  the  secrets  of 
competing  fishing  skippers.  A  new  'intelligent  modem'  for  surface 
wave  HF  packet  radio,  invented  by  DOC,  met  our  requirements. 
This  error-correcting  modem  varies  packet  size  according  to  noise 
conditions,  and  scans  HF  frequencies  to  find  a  relatively  quiet  chan¬ 
nel.  Surface  wave  radio  has  inherent  limitations  such  that  our  OFO 
system  must  cope  with  a  minimum  data  exchange  rate  of  100  baud. 

Statistics.  Mapping  the  SBT  on  the  Grand  Bank  in  a  sta¬ 
tistically  defensible  way  is  not  trivial,  even  with  abundant  data.  Yet 
the  problem  at  hand  is  to  produce  SBT  maps  from  the  sparse  data 
available  in  some  operational  time  frame.  Problems  of  synopticity, 
feature  resolution,  error  recognition,  and  map  accuracy  must  still 
be  addressed.  A  few  XBTs  are  not  sufficient  to  define  the  n  pnon 
temperature  field,  but  if  the  spatial  scales  of  changes  in  temper¬ 
ature  are  large  enough,  it  may  be  possible  to  map  these  changes 
with  relatively  few  data.  Borrowing  from  the  techniques  of  mete¬ 
orology.  our  method  is  to  make  an  intelligent  first  guess,  currently 
by  using  the  long  term  mean  for  each  month.  At  the  large  spatial 
scales  we  are  dealing  with,  water  flows  are  constrained  to  follow 
bathymetry.  The  result  is  both  mean  and  residual  SBT  patterns 
have  relatively  short  scales  across  isobaths,  and  long  scales  along 
isobaths.  This  anisotropy  prevents  the  application  of  commercial 
mapping  packages.  Objective  interpolation  (01)  (Bretherton  et  al 
1976)  also  known  as  kriging  (Hardy  1984),  depends  upon  making 
a  model  of  the  autocorrelation  structure  of  the  data  to  control  in¬ 
terpolation.  We  examined  two  dimensional  autocorrelation  models 
in  01,  assuming  orthogonality  of  the  component  axes.  The  concept 
is  simple,  a  gridpoint  that  is  separated  from  a  SBT  datapoint  by  1 
kilometer  horizontally  (/i)  but  50  meters  in  depth  (c)  might  be  just 
as  far  away  in  correlation  space  as  another  SBT  datapoint  that  was 
100  kilometers  away  but  at  the  same  depth  as  the  gridpoint. 


Figure  1.  May-June  Grand  Bank  SBT  from  a  cold  year  (1984,  left)  and  a  warm  year  (1978,  right). 
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Results 

Figure  2  contrasts  maps  of  SST  and  SBT  on  the  Southeast  Shoal 
of  the  Grand  Bank  June  15-27  1978.  The  existence  of  such  a  two 
layer  system  limits  our  utiliration  of  satellite  SST  data  to  identifying 
features  such  as  the  Gulf  Stream  ring  intrusions  which  occur  on  the 
southwest  slopes. 

A  DOC  license  to  Ultimateast  led  to  production  of  the  described 
modem  (trade  name  Datahail)  and  allowed  a  computer  network  to 
be  set  up  between  ships  thousands  of  miles  apart  at  sea,  of  course  in¬ 
cluding  data  processing  stations  on  shore.  Communications  charges 
are  small.  Trials  aboard  trawlers  produced  an  unexpectedly  high 
volume  of  traffic  that  included  engineering  orders  and  stock  market 
quotes  as  well  as  XBT  profiles  and  weather  reports.  We  found  un¬ 
expectedly  distant  reception:  a  network  node  being  demonstrated 
for  sales  in  the  Solomon  Islands  exchanged  packets  with  a  ship  in 
Davis  Strait.  The  OFO  products  developed  in  this  project  are  coded 
in  NAPLP  for  international  marketing  and  to  ensure  compatibility 
with  marine  GIS  developments. 

Figure  3  is  a  contour  map  of  the  correlation  structure  for  SBT 
residuals  on  the  top  of  the  Grand  Bank,  using  a  second  degree 
markov  model  for  autocorrelation  (Thiebaux  and  Peder  1987).  The 
equation  fitted  by  nonlinear  least  squares  was  r  =  ror^r.  where  ro 
accounts  for  within  station  error,  =  c"''’[cos(<r/i)+(c/a)«>i(a/r)l, 
and  r.  is  similar.  Because  we  extract  simultaneous  vertical  and  hor¬ 
izontal  components  from  the  data,  we  claim  to  have  extracted  the 
along  and  across  isobath  components.  In  practise,  we  extract  a  three 
dimensional  autocorrelation  model  by  including  temporal  separation. 
Although  we  don't  at  present  use  the  temporal  autocorrelation  di¬ 
rectly  in  01.  it  indicates  the  elapsed  time  after  which  SBT  residuals 
are  no  longer  synoptic.  This  multivariate  correlation  structure  01 
should  not  be  confused  with  two  dimensional  01. 

Discussion 

Products.  Behind  the  bridge  display  of  accumulated  catch. 


catch  rate,  and  SBT  history  that  develops  during  each  trawling,  the 
network  receives  a  report  on  catch  rate  and  SBT  every  5  minutes. 
This  provides  unprecedented  detail  on  catch  statistics  and  temper¬ 
ature,  dealing  with  those  infrequent  and  ephemeral  concentrations 
that  are  above  the  threshold  of  commercial  interest.  Unless  the  col¬ 
lections  are  from  working  trawlers,  the  events  that  actually  comprise 
the  fishery  are  not  likely  to  be  observed.  This  presents  a  'Catch  22' 
situation;  the  research  observations  required  to  design  OFO  prod¬ 
ucts  and  services  can  only  be  collected  from  a  system  designed  for 
commercial  operations.  The  investment  in  OFO  in  Newfoundland 
is  speculative,  but  the  potential  payoff  is  quite  handsome  in  three 
ways:  1)  the  h'shing  fleet  can  become  more  efficient.  2)  scientists 
get  a  flood  of  environmental  data  from  the  trawler  fleet,  enough 
to  reveal  events  like  the  suspected  temperature  related  mortality 
of  American  plaice  on  the  Grand  Bank.  3)  stock  assessment  biol¬ 
ogists  get  new  detail  in  catch  rate  data  to  help  them  disentangle 
changes  in  stock  biomass  from  changes  in  fishing  technology  and 
the  environment. 

In  an  era  of  fibre  optics  and  gigabaud  transmissions,  our  low 
cost  100  baud  network  may  seem  anachronistic,  but  it  is  impor¬ 
tant  to  ask,  "How  much  data  really  needs  to  be  sent?"  Consider 
that  the  ship's  microcomputer  has  the  software  to  draw  a  display 
with  axes  and  bathymetry,  given  just  the  lower  left  and  upper  right 
coordinates.  A  few  more  coordinates  and  spline  coefficients  pro¬ 
duce  a  smooth  isotherm  on  this  map.  Modern  data  compression 
algorithms  reduce  the  volume  of  transmissions  dramatically.  This 
project  benefitted  enormously  by  a  contract  from  DOC  to  develop 
new  data  compression  algorithms  for  NAPLP.  In  theory  our  network 
could  transmit  'image'  products  in  a  reasonably  short  time,  but  is 
a  one  megabyte  false  colour  SST  image  actually  useful  to  a  fishing 
skipper?  Or  is  a  more  highly  processed  'cartoon'  of  ocean  features 
with  various  fisheries  annotations  more  useful?  Our  conclusion  was 
that  we  ought  to  present  a  relatively  small  amount  of  highly  pro¬ 
cessed  and  pertinent  information  in  as  spare  and  cle.-rr  a  fashion  as 
possible;  the  quintessence  of  all  available  data.  We  vrent  for  the 
cartoons. 

Acceptance.  We  tried  to  avoid  a  reactionary  stance  from 


Figure  2.  SBT  (left)  and  SST  (right)  on  the  Southeast  Shoal  of  the  Grand  Bank,  June  15-27,  1978. 
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trawler  crews  faced  with  new  technology  by'ensuring  each  trawler 
received  immediate  benefit  from  each  new  tool.  For  instance,  the 
low-cost  data  link  allowed  every  crew  member  to  exchange  elec¬ 
tronic  mail  with  his  family  ashore,  and  was  very  popular.  Comput¬ 
erizing  the  SCANMAR  improved  its  immediate  utility  and  was  seen 
as  genuinely  useful  Simplifying  the  weather  reports  from  voice  to 
computer  mail  was  gratefully  received  These  improvements  led  to 
acceptance  of  computers  on  the  trawler  bridge,  and  we  are  con¬ 
vinced  that  access  to  OFO  products,  including  past  and  current 
catch  data,  will  lead  to  increased  demand  for  operational  products. 

The  Newfoundland  project  is  to  establish  an  prototype  OFO  pro¬ 
gram  which  will  develop  through  positive  feedback.  Better  data  will 
allow  better  analyses  and  more  effective  products  that  increase  fish¬ 
ing  profits.  Identifying  these  new  profits  and  encouraging  their  rein¬ 
vestment  for  subscriptions  to  remote  sensing  data  products  is  the  key 
to  developing  OFO.  Proving  that  fishing  profits  can  be  increased  by 
taking  advantage  of  environmental  data  is  an  experiment  currently 
underway  on  trawlers  off  Newfoundland  and  Labrador.  Ships  with 
all  the  OFO  information  we  can  muster  are  to  be  compared  with 
ships  working  without  this  advantage.  Only  hard  data  comparing 
searching  time  and  trip  length  will  demonstrate  that  OFO  is  worth 
buying. 

Future.  For  the  purposes  of  OFO.  there  are  two  scales  of 
temporal  variation  in  the  ocean:  climatic  (weeks  and  years)  and 
weather  (days).  Both  are  important,  but  involve  different  data  cap¬ 
ture.  products,  and  budgets.  The  first  regime  is  the  subject  of  this 
paper,  and  can  be  addressed  statistically  because  the  flow  of  data 
is  potentially  sufficient  to  maintain  the  required  maps.  The  faster 
regime  requires  dynamic  physical  oceanography  models  (eg.  Robin¬ 
son  et  al.  1987)  to  utilize  incoming  data.  In  the  present  experiment 
we  can  do  no  better  than  ignore  high  frequency  components  in  the 
absence  of  resources  to  maintain  a  dynamic  model.  Our  existing 
product  might  immediately  're  improved  in  synopticity  by  relocat¬ 
ing  past  SBT  observations  according  to  static  flow  fields,  eg./  from 
Greenberg  and  Petrie  (1988). 
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Figure  3.  Autocorrelation  structure  with  horizontal  and  depth  separation,  of  Grand  Bank  SBT. 


2056 


Assessing  Fishing  Effort  by  Remote  Sensing  in  the  Scotia  Fundy  Region  of  Fisheries  and 
Oceans  Canada 


G.  Sharp,  J.  Pringle  and  R.  Duggan 


Benthic  Fisheries  and  Aquaculture  Division 
Halifax,  Nova  Scotia,  Canada,  B3J  2S7 


ABSTRACT 

Data  on  the  distribution  and  level  of 
fishing  effort  is  critical  in  the 
development  and  management  of  fisheries. 
Near  shore  small  boat  fisheries  do  not 
lend  themselves  to  conventional  methods 
of  documenting  effort  including  log  books 
and  vessel  observers.  Colour  aerial 
photography  at  1:6DDD  scale  has  been 
used  to  delimit  lobster  fishing  effort  to 
a  resolution  of  several  meters  at  an 
error  level  of  11.3  S  on  interpretation. 
Contouring  of  digitized  data  enabled 
identification  of  areas  of  peak  fishing 
effort  which  could  be  correlated  to 
substrate, community  type,  depth, 
temperature  and  water  movement.  Baseline 
data  can  be  used  to  evaluate  changes  in 
fishing  effort  with  catch  levels,  and 
environmental  impacts.  Gear  conflicts 
between  types  of  fixed  gear  and  between 
traditional  fisheries  and  aquaculture  can 
be  prevented  or  moderated  by  a  detailed 
knowledge  of  gear  deployment. 


Key  Words:  fishing  effort,  colour 
photography 

INTRDDUCTIDN: 

The  nearshore  area  (water  depths  (<4D  m) 
of  the  Scotia-Fundy  region  are  the 
grounds  for  a  wide  variety  of  mobile  and 
fixed  fishing  techniques.  Fixed  gear 
includes  gillnets  for  pelagic  and  benthic 
fish,  trap  nets,  wiers,  baited  hooks  on 
moored  trawl  or  longlines.  However  the 
predominant  fixed  gear  is  the  trap 
fishery  for  the  american  lobster  (Homarus 
americanusl .  Single  or  multiple  traps 
are  placed  on  the  bottom  and  marked  at 
the  surface  by  a  float.  This  fishery  is 
limited  by  the  number  of  fishing 
licenses,  number  of  traps  per  fisherman 
and  a  closed  season.  Within  these 
limitations  the  level  of  fishing  effort 
varies  both  during  the  season,  annually 
and  geographically. 


Fisheries  and  Dceans  Canada,  P.D.  Box  55D, 


Fisheries  and  Dceans  Canada  as  a  part  of 
its  resource  management  mandate  monitors 
fishing  effort.  Vessels  over  25.5  gross 
tons  must  provide  logbooks  detailing 
catch,  fishing  time  gear  type  and  amount, 
location  etc.  However,  the  nearshore  is 
dominated  by  smaller  vessels  and  effort 
data  must  be  obtained  indirectly.  The 
amount  of  fixed  gear  (traps,  gillnets  etc 
anchored  to  the  bottom)  is  limited  per 
vessel  by  fishing  district.  Landings, 
from  these  vessels  are  reported  at  point 
of  sale  and  the  fishing  grounds  cannot  be 
determined  accurately.  Interview  surveys 
of  lobster  fishermen  provide  detailed 
data  on  vessel  characteristics;  gear  type 
and  amount;  maximum  fishing  distances; 
fishing  depth;  fishing  effort  (trap 
hauls)  (Duggan,  1985).  The  lobster 
fishing  grounds  were  quantified  from 
interviews  on  maximum  depth  and  distances 
fished  and  the  intensity  (traps  km"')  of 
fishing  estimated  for  lobster  fishing 
areas  (Pringle  and  Duggan,  1985). 

A  wide  range  of  fishing  intensities  have 
evolved  due  to  climate,  changing  socio¬ 
economic  trends  and  management 
initiatives  along  the  Atlantic  coast  of 
Nova  Scotia.  However  the  level  of 
spatial  resolution  of  the  above  effort 
assessment  methods  is  in  the  range  of 
tens  of  kilometers. 

Fisheries  and  Dceans  has  turned  to  remote 
sensing  methods  to  provide  high 
resolution  spatial  and  quantitative  data 
on  the  distribution  of  fixed  fishing 
effort.  This  paper  outlines  the 
development,  types  of  applications  of 
this  method  and  examines  its  advantages 
and  problems. 

METHDDS: 

In  the  development  phase  of  this 
technique  lobster  buoys  of  two  types  and 
four  color  schemes  were  placed  at  known 
locations  in  the  near  shore.  Photographs 
were  taken  using  Kodak  no.  2424  black  and 
white  infrared  and  Kodak  no,  2448  color 
positive  in  a  Wild  RC-8  camera  at 
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altitudes  of  405m,  458  m,  763m  and  1,220 
m  with  60%  endlap  and  30%  sidelap 
(Pringle  and  Duggan,  1983).  Loran  C  and 
two  dimensional  triangulation  with  known 
location  points  were  used  to  position 
photographs.  Photos  were  interpreted  on  a 
light  table  with  an  eight  power  lens 
magnifier.  The  buoys  Identified  were 
digitized  and  plotted  on  a  Geobased 
mapping  system  ('K.  Speight  pers  comm). 
Buoys  were  identifiable  at  1:5000  scale 
on  color  photographs  at  an  error  level  of 
11.3%.  Subsequent  surveys  used  color 
film  at  1:6000  scale  In  a  Zeiss  RMK  with 
15  cm  lens  during  calm  weather  when 
possible  at  a  sun  angle  less  than  30°. 
Buoys  were  counted  within  2.25  ha  grids 
to  allow  contouring  of  buoy  densities  at 
Intervals  of  50  buoys  km"'.  OISPLA' 
generated  a  linear  interpolation  of 
adjacent  surface  grid  points  In  both  the 
X  and  y  direction.  The  mean  distance 
between  buoys  within  a  variety  of  grid 
sizes  and  buoy  densities  was  calculated 
on  the  raw  data  file  by  a  nearest 
neighbour  program  (Cottam  and  Curtis, 
1956).  Three  sites  were  surveyed  one  to 
provide  base  line  data  on  lobster  fishing 
effort  to  determine  Impact  of  coal  waste 
rock  dumping  in  the  nearshore  of  Cape 
Breton,  one  to  compare  seasonal  changes 
in  fishing  effort  distribution  in  Pubnico 
N.S.  and  a  third  to  help  select  a  dredge 
spoil  dump  site  near  Cape  Sable  Island 
N.S. 


Table  1.  Comparison  of  lobster  trap 
buoy  densities  from  aerial  surveys  and 
Indirect  methods  for  selected  areas  In 
Nova  Scotia,  Canada. 


Location 

Cape  Pubnico  Sydney  Test  Site 
Sable 

Lobster  trap  buoys  km"' 


Aerial  44-954 
Photo 

44-1021 

46-109 

70-50 

Interviews  - 

- 

-114 

74 

Trap  limit  424 

X  licenses 

424 

145 

142 

Contours  of  lobster  trap  distribution  in 
the  Sydney  area  define  areas  of  Intense 
fishing  effort  >200  km"'  (Fig.  1). 

RESULTS/APPLICATIONS: 

Level  and  distribution  of  effort. 

The  resolution  of  lobster  fishing  effort 
using  aerial  photography  was  1  buoy  per 
50m'  and  provided  a  range  of  means  for  1 
km'  sub  sections  of  the  coast.  (Table  1). 
Data  obtained  for  the  entire  Lobster 
fishing  areas  by  interview  techniques  and 
extrapolation  by  fishing  grounds  and  trap 
limits  were  dependant  on  definition  of 
the  fishing  ground  by  a  maximum  depth 
limit  (Pringle  and  Duggan,  1985). 


'  Maritime  Resource  Management  Service, 
P.O.  Box  310,  Amherst,  N.S.,  B4H  3Z5 

'  Integrated  Software  System  and  Plotting 
Language.  Integrated  Software  Systems 
Corp.,  4186  Sorrento  Valley  Blvd.,  San 
Diego,  California  921121,  U.S.A. 
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Figure  1  The  distribution  of  lobster  trap  buoys  in  50  km"'  contour  intervals  with  depth  and 
substrate  type  at  a  coastal  site  near  Sydney,  Nova  Scotia. 


Only  a  small  portion  of  the  fishing 
grounds  (10*)  support  this  level  of 
fishing  effort  and  the  majority  of  the 
area  (64%)  has  less  than  50  traps  km"'. 
Nearest  neighbour  distances  between  buoys 
reflect  the  density  contour  of  the  sample 
but  have  a  wide  range  of  overlap  (Table 
2). 


Table  2  :  Nearest  neighbour  distances  m 
between  trap  buoys  in  the  Cape  Breton 
survey  in  a  range  of  buoy  density 
contours,  sd  (standard  deviation) 

Dens  i  ty 
contour 

buoys  km"'  >200  100-150  50-100 

Mean 

distance  34  sd  17  72  sd  30  105  sd  37 


5-88 


25-159 
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Successive  measures  of  effort  provide  the 
resource  manager  wtih  a  data^  base 
defining  both  the  level  and  variation  in 
fishing  effort  allowing  evaluation 
management  initiatives  such  as  license 
buy  back,  enforcement  of  trap  limits  and 
expansion  of  the  fishing  ground. 

Biological  data 

Fishing  effort  within  the  parameters  of  a 
minimum  economic  return  reflects  the 
relative  distribution  of  adult  lobster 
stocks.  Although  there  are  long  distance 
movements  of  large  adults  (>100  mm 
carapace  length)  fishing  effort  in  the 
nearshore  follows  local  movement  of  most 
animals  (<20  km).  Over  the  fishing 
season  traps  sample  or  remove  between  60* 
to  80*  of  the  legal  size  animals  (>81mm 
carapace  length)  (Paloheimo,  1963).  In 
the  Sydney  area  90*  of  traps  were  located 
within  the  18  m  depth  contour  (Fig  1). 
Sidescan  sonar  defined  a  homogeneous 
substrate  suitable  for  lobsters  well 
beyond  this  depth.  Temperature  was  2  to 
3®C  lower  at  the  20  m  level  than  at  the 
surface  during  the  fishing  season.  It 
was  concluded  animals  were  optimizing 
their  environment  for  growth  and  egg 
development  within  the  fishing  ground. 
Records  of  catch  per  trap  haul  number  of 
days  fished  and  cumulative  catch  can  be 
assigned  to  levels  of  effort  density  to 
determine  the  productivity  of  a  fishing 
ground.  In  the  Cape  Breton  area 
cumulative  catch  per  trap  was  29.5  kg  in 
1985  and  30.7  kg  in  1987.  This  catch  was 
transformed  to  a  yield  of  1.5  g  m"* 
within  the  50  trap  km"‘  contour  and  6.0  g 
m"*  in  the  200  trap  km"‘  contour.  In 
Pubnico  fishing  grounds  the  total  level 
of  effort  between  the  December  and 
following  Hay  surveys  were  not  greatly 
different  at  9  ,595  and  10  ,207  buoys 
respectively.  However,  the  successive 
surveys  of  fishing  effort  detected  small 
changes  in  distribution  resulting  in 
significant  changes  in  depth  and  habitat 
(Fig  2).  Adult  animals  have  moved  from  a 
shallow  kelp  covered  bottom  to  a  deeper 
rock  and  gravel  habitat. 


Environmental  impact  assessment. 
Documentation  of  a  baseline  fishing 
pattern  is  needed  to  monitor  changes  in 
habitat  or  water  column  characteristics 
due  to  point  sources  of  pollution  or  more 
general  impacts  of  oil  spills,  thermal 
effluents,  sedimentation  and  alteration 
in  water  circulation  patterns. 
Identification  of  areas  devoid  of  fishing 
activity  can  be  utilized  to  select  dredge 
spoil  ocean  dumping  sites.  A  deep  channel 
(>12  m)  without  fishing  effort  was 
identified  near  Cape  Sable  Island  for  a 
dredge  spoil  disposal  site. 

Gear  conflict  resolution 
This  detailed  fishing  effort  information 
can  be  used  to  prevent  gear  conflict 
between  types  of  fixed  gear.  The  rapid 
development  of  aquaculture  with  new  types 
of  fixed  gear  needs  an  evaluation  of 
space  utilization  of  the  nearshore  (Sharp 
and  Lamson,  1989).  A  knowledge  of  trap 
buoy  distribution  allows  positioning  of 
aquaculture  equipment  with  minimal 
interference  with  traditional  fishing 
gear.  The  use  of  new  mobile  gear  may 
also  be  restricted  to  certain  areas 
dependant  on  trap  buoy  distribution. 

DISCUSSION: 

Assumptions  required  to  extrapolate  buoy 
densities  to  adult  lobster  distribution 
have  some  weak  points.  The  first  is  the 
assumption  one  buo/  represents  one 
lobster  trap.  In  the  nearshore  (<10  km) 
a  single  trap  per  buoy  is  normal  with 
some  exceptions.  However  in  deeper  water 
(>20  m)  it  is  more  efficient  to  Increase 
the  traps  per  buoy  from  10  to  a  maximum 
of  50  (Sharp  and  Duggan,  1985). 

Fishermen  Interviews  and  direct 
observation  of  fishing  activity  can  be 
used  to  correct  these  figures. 

Aerial  photography  provides  only  one  look 
at  the  level  and  distribution  of  effort. 
Trap  design,  bait,  soak  time  are  some  of 
the  factors  which  affect  catch  rates 
(Krouse,  1988).  However  traps  are  rarely 
moved  on  mass  but  are  finely  adjusted  on 
a  daily  basis.  Resurveys  on  a  biweekly 
basis  would  provide  a  sufficiently 
detailed  seasonal  pattern  and  abundance. 
Happing  of  effort  distribution  is  a  more 
accurate  depiction  of  adult  animals  than 
animal  tagging.  Tagging  returns  rarely 
have  precise  location  data  and  small 
scale  movements  are  not  detectable. 

Storm  conditions  can  destroy  up  to  25*  of 
traps  particularly  in  exposed  areas. 

These  events  can  be  documented  and 
considered  in  the  analysis  of  data. 
Distribution  of  traps  provides  data  only 
on  the  adult  or  legal  size  animals 
although  traps  can  capture  animals  to 
approximately  one  half  legal  size  they 
are  not  retained  by  the  fishermen. 


Figure  2.  Seasonal  Distribution  of 
lobster  trap  buoys  on  and  near  a  shoal 
near  Pubnico,  N.S. 


Prediction  of  future  landings  will 
continue  to  depend  on  ground  research 
work. 

The  survey  and  Interpretation  costs 
totaling  0.16  man-hours  and  $  109.10 
(Canadian)  for  the  aerial  photography 
method  are  10  times  the  cost  of  aerial 
visual  scanning  and  30  times  the  cost  of 
systematic  fishermen  interviews  (Pringle 
et  al  1986).  To  make  this  tool  more  cost 
effective  alternative  flight  platforms 
such  as  tethered  balloons  or  remote 
controlled  vehicles  may  offer  savings. 
Greater  magnification  of  the  Image  and/or 
computer  aided  image  analysis  has  yet  to 
be  tested. 
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RESUME 

Le  recrutement  rdsulte  d'une  sdlection  naturelle  des  larves  qui 
survivent  h  maturity.  La  temperature  de  Teau,  entre  autres,  est  un 
element  qui  conditionne  les  stades  de  croissance  larvaire  des 
individus.  Le  mouvement  des  masses  d'eau  est  dgalement  un 
eiijment  important  puisque  les  larves  sont  soumises  <t  ses  depla- 
ccmcnts.  Le  but  du  travail  est  de  verifier  d'une  maniite  synoptique 
Xs  conditions  de  temperature  de  surface  de  Teau  et,  si  possible,  les 
mouvements  des  masses  d’eau.  A  cette  fin,  une  sdrie  temporelle 
d'images  thermiques,  prises  par  les  satellites  NOAA6  et  7,  a  €i6 
retenue  pour  les  dtes  1981  et  1984.  On  a  fomie  des  classes  de 
temperature  de  la  surface  du  golfe  du  Saint-Laurent,  et  les  patrons 
de  distribution  rejirescntes  ont  ete  relies  k  des  donnees  addition- 
nelles  sur  les  conditions  m6teorclogiques.  II  a  ete  possible,  lors  de 
Tinterpretation  des  images,  de  mettre  en  evidence:  un  gradient  de 
temperature  de  surface  croissant  des  cdtes  du  Quebec  vers  celles  de 
Terre-Neuve,  des  resurgences  d'eau  froide  le  long  des  cotes  du 
Quebec  et  des  apports  en  eau  froide,  issus  de  la  mer  du  Labrador  et 
entrant  par  L  detroit  de  Belle-Isle.  Ces  conditions  semblent 
defavorablcs  la  croissance  de  larves  le  long  de  la  Cote-Nord  du 
Quebec.  Une  verification  de  cet  etat  a  ete  faite  par  le  biais  de 
statistiques  de  debarquements  du  homard  americain  {Homarus 
ameiicanus). 

Mots  cies:  Imagerie  thermique,  NOAA,  Pecheries,  Golfe  du 
Saint-Laurent 

INTRODUCTION 

En  1985,  la  Direction  de  la  recherche  sur  les  peches  du 
ministere  des  Peches  et  Oceans  du  Canada  ddsirait  verifier  le 
potentiel  d'un  outil  suppiementaire  pour  aider  k  la  comprehension 
du  recrutement  larvaire  de  ccrtaines  cspices  marines  tels  les 
mollusques  et  les  crustaces.  L'outil  envisage  est  Timage  infrarouge 
thermique. 

Le  but  general  poursuivi  par  la  Direction  est  d'obtenir  des 
informations  additionnelles  permettant  ^  ses  chercheurs  de  mieux 
definir,  spaiialement  et  tem^reliement,  les  zones  de  productivite 
biologique  et  les  Mjectoires  empruntdes  par  les  larves  de  poissons 
ou  de  crustaces.  A  plus  long  terme,  les  chercheurs  visent  i  pouvoir 
prddire  Tabondance  des  stocks  et  stabiliser  les  ddbarquements  dans 
le  but  d'une  meilleure  gestion  des  peches. 

Le  premier  objectif  specifique  de  Tetude  est  de  foumir  des 
cartes  montrant  revolution  des  temperatures  et  la  circulation  des 
eaux  ^  la  surface.  Si  possible,  on  doit  dgalement  porter  une 
attention  particulidre  aux  panaches  de  rividres  ainsi  qu'aux 
remontdes  d'eau  froide  le  long  des  cotes.  La  temperature,  les 
courants  et  les  remontdes  d'eau  froide  font  partie  d'un  systdme  air- 
iner  qui  les  associe  ^  des  facteurs  mdteorologiques  comme  les 


vents.  Ainsi,  un  deuxidme  objectif  de  Tdtude  consiste  d  verifier  les 
diverges  conditions  de  surface  de  Teau  par  le  biais  de  donndes 
mdtdorologiques  qui  correspondent  au  moment  d'acquisition  d: 
Timage.  On  confitrae  d'une  certaine  fajon  Tinterprdtation  faite  sur 
.Vs  images. 

Par  ailleurs,  nous  nous  sommes  intdressds  d  Timpact  possible 
des  paramdtres  physiques  et  mdteorologiques  sur  Tabondance  de 
ressources  marines.  A  cette  fin,  nous  avons  utilise  des  statistiques 
de  ddbarquements  de  poissons,  et  plus  epecifiquement  de  hom^s, 
le  long  des  cotes  du  golfe  du  Saint-La-_-ent.  II  s'agit  d'un  intdret 
tout  h  fait  extdrieur  au  cadre  fixd  h  Torigine  par  cette  dtude,  mais  ces 
statistiques  se  sont  tdvdldes  particulidrement  intdressantes. 

LE  NORD-EST  DU  GOLFE  DU  SAINT-LAURENT 

Le  secteur  faisant  Tobjet  de  Tdtude  se  situe  le  long  de  la  Basse- 
Cote-Nord  du  Qudbec,  dans  la  partie  nord-est  du  golfe  du  Saint- 
Laurent,  entre  les  ddtroits  de  Jacques-Cartier  (Havre-Saint-PierTe)  et 
dc  Belle-Isle  (Blanc-Sablon)  (figure  1).  On  s’intdresse  paniculid- 
rement  H  ce  qui  se  passe  k  la  surface  d'une  bande  d'eau  cdtidre  de 
40  km  de  largeur  environ.  Cette  rdgion  a  dtd  choisie  parce  que  Ton 
ddsire  connaitre  les  conditions  de  courant  en  surface  de  manidre  h 
pouvoir  ddduire  le  transport  possible  de  larves,  et  aussi  parce  que 
e’est  une  rdgion  moins  bicn  connue  au  point  de  vue  oedanogra- 
phique  et  biologi4ue.  Ce  sont  les  larves  du  homard  amdricain 
{Homarus  americanus)  qui  sont  surtout  vis^es  ici.  On  ddsire 
savoir  si  les  fsibles  ddbarquements  de  cette  rdgion,  par  rapport  au 
leste  du  Qudtcc,  sont  lids  d  des  facteurs  limitants  de  types  envlron- 
nementaux.  Meme  si  dans  cette  dtude  on  s'intdresse  aux  larves  de 
homard,  les  rdsultats  obtenus  peuvent  ndanmoins  s'appliquer  h 
routes  les  espdees  de  poissons,  mollusques  ou  cmstacds  qui  ont  un 
stade  de  •'dveloppement  larvaire  en  sus^nsion  d  la  surface  de  Teau. 
Leur  rdpartition  spatiale  est  dgalement  function  des  condition;  de 
courants  en  surface. 

LES  OUTILS  ET  LES  M^THODES  | 

Compte  tenu  de  Tenvergure  du  territoire  k  pouvrir,  l'outil 
privildgid  pour  rencontrer  nos  objectifs  est  I'image  infrarouge 
thermique  acquise  par  le  capteur  AVHRR  du  satellite  NOAA.  La 
pdriode  d'interet  s'dchelonne  entre  les  mois  de  mai  et  d'oetobre. 
L'annde  198 1  a  dtd  retenue  a  cause  de  la  disponibilitd|de  donndes  de 
tempdrature  de  Teau  acquises  lors  d'une  campagne  oedanogra- 
phique.  ’ 

Pour  diverse;  raisons  nous  n'avons  pu  obtenir  de  stiivj 
temporel  rdguiier.  On  a  ndanmoins  retenu  17  images  rdpaities  sur  2 
ojindes  soit  1981  et  1984,  dc  manidre  I  couvrir  la  pdriode  d'interet 
fixdc  (tableau  1).  De  plus,  le  Service  de  TEnvironnement  Atmo- 
sphdrique  d'Environnement  Canada  d  Montrdal  nous  a  permis 
d’acedder  aux  donndes  mdtdorologiques  correspondantes  aux 
images  et  pour  lesquelques  jours  qui  les  prdeddent  (tableau  1).  Des 
mesures  de  tempdrature  de  surface  de  Teau  ont  uussi  dtd  obtenues 
du  meme  Service,  ^.'ensemble  de  celies-ci  provient  de  station:. 
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terrcstres  (m6t6o.)  ct  d'observations  (T”)  faites  par  les  bateaux 
cireulant  dans  cette  partie  du  golfe. 

Les  images  satellites  ont  6t6  corrigdes  pour  les  effets 
^domdtriques  mais  elles  ne  I'ont  pas  dtd  pour  les  effets  atmosphd- 
liques.  Les  valeurs  numdriques  des  images  ont  ensuite  dtd 
transformdes  en  tempdratures  suivant  une  fonction  de  transfert 
connue  dans  la  littdrature  (Mouchot  et  Lambert,  1986;  Mallla  and 
Anderson,  1986).  On  obtient  alors  des  tempdratures  apparentes  de 
I'eau.  La  corrdlation  entre  ces  tempdratures  et  celles  prises  par  les 
bateaux  a  dtd  vdrifidc  et  donne  99%.  De  plus,  on  a  notd  un  dcart 
moycn  de  2,2®  C  entre  les  deux  (dcart-typc  0,3 1°C).  Les 
tempdratures  relevdes  sur  les  images  ont  done  dtd  rdajustdes  et  les 
nouvelles  limites  de  tempdrature  apparente  de  I'eau  ont  dtd  dtablies 
(tableau  1).  Le  rdsultat  est  une  image  des  classes  de  tempdrature  de 
I'eau  inteiprdtable  en  fonction  des  gradients  que  Ton  y  observe  et  de 
la  rdpartition  des  tempdratures  ^  la  surface.  Cette  rdpartition  peut 
etre  indicatrice  de  la  direction  gdndrale  du  courant  de  surface  de 
I'eau. 

INTERPR^TA-nON  DES  IMAGES 

Les  images  satellites  ont  dtd  utilisdes  dans  cette  dtude  parce 
qu'elles  dtaient  susceptibles  d'apporter  des  dldments  suppldmen- 
taires  d'information  tels  les  mouvements  inhabituels  de  masses 
d'eau  non  rdvdlds  par  des  moyennes  statistiques  k  long  terme,  ou 
des  variations  importantes  de  tempdratures  de  I'eau  k  des  moments 
particuliers,  etc.  Elies  permeitent  de  vdrifier  ou  de  confirmer  des 
situations  connues  dans  la  littdrature,  mais  surtout  d'avoir  une  idde 
plus  prdcise  de  I'ampleur,  au  niveau  spatial,  de  certaines  conditions 
de  surface  de  I'eau. 

Une  interprdtation  ddtaillde  de  chacune  d'eiles  est  foumie  par 
Lavoie  eial  (1986).  Cependant,  nous  ne  donnerons  ici  que  les 
faits  saillants  qui  font  dtat  de  quatre  dldments  d'importance  dans  ce 
secteur  du  golfe.  Chacun  de  ces  dldments,  pris  sdpardment,  a 
d'aillcurs  fait  I'objet  de  recherches  et  de  publications.  Par  le  biais 
des  images,  nous  pouvons  les  y  regrouper  dans  la  mesure  oti  ils 
sont  apparents  au  meme  moment.  Ces  quatre  dldments  sont: 

•  le  gradient  thermique  de  surface  (tempdrature); 

•  les  remontdes  d'eau  ffoide; 

•  la  contribution  en  eau  froide  du  courant  du  Labrador, 

•  la  circulation  tourbillonnaire  dans  le  chenal  d'Esquiman. 

Le  tableau  2  montre  chacun  de  ces  dldments  ainsi  que  les 
images  sur  lesquelles  on  peut  les  observer.  Certains  ouvrages  de 
rdfdrence  y  sont  dgalement  mentionnds,  lesqueis  font  dtat  de  ces 
dldments  par  le  biais  des  mdthodes  traditionnelles. 

Reprenons  chacun  des  dldments  un  peu  plus  en  ddtails.  Le 
premier  dldment  est  la  variation  des  tempdratures  de  I'eau.  En  effet, 
sur  plusieurs  images,  il  est  possible  de  bien  voir  le  gradient 
thermique  sur  le  secteur.  L'augmentation  progressive  de  la  tempd¬ 
rature  de  surface  se  fait  dans  le  sens  ouest-est,  soit  depuis  la  cote  du 
Qudbec  jusqu'4  Terre-Neuve.  La  variation  moyenne  est  de  I'ordre 
de  3,6°C.  Les  rdfdrences  citdes  au  tableau  2  font  dtat  des  memes 
constatations  ^  la  diffdrence  que  ces  auteurs  utilisd  des  moyen¬ 
nes  de  donndes  ponctuelles  sur  des  pdriodes  pouvant  aller  ju^u'^ 
30  ans.  Les  tempdratures  de  I'eau  en  surface  semblent  done  moins 
favorebles  ^  la  croissance  de  larves,  sur  les  cotes  qudbdcoises. 

Lc  second  dldment  observd  sur  les  images,  soit  les  remontdes 
d'eau,  pei-met  d'expli^er  en  partie  les  tempdratures  froides  de  I'eaj 
le  long  de  la  cote  du  Qudbec.  Ces  remontdes  sont  gdndrdes  par  des 
vents  de  I'ouest  ou  du  nord-ouest.  Nous  avons  pu  le  vdrifier  dans 
80%  des  cas  en  comparant  les  directions  du  vent  et  la  prdsence  sur 
les  images  d'une  nappe  d'eau  froide  le  long  de  la  cote.  Pour  le  20% 
qui  reste,  un  changement  rapide  de  direction  du  vent  quelques 
heures  avant  la  prise  de  I'image  est  &  I'origine  de  la  diffdrence.  De 
plus,  il  semble  y  avoir  un  facteur  de  proportionnalitd  entre  la  force 
du  vent  et  I'dtendue  de  la  zone  froide  en  surface.  Enfin,  de  fagon 
gdndrale,  I'eau  froide  qui  remonte  k  la  surface  va  s'dtendre  en 
direction  sud  et  sud-est  sur  des  distances  variant  entre  4  et  2S  km 
d'apris  nos  images.  On  a  cependant  observd  une  dtendue  de  55  km 
les  29  et  30  septembre  1984.  Le  vent  soufflait  alors  h  des  vitesses 
entre  25  et  50  km/h. 


Le  troisidme  dldment  du  tableau  2  a  dgalement  un  impact  sur  les 
tempdratures  de  I'eau  du  secteur  d'dtude.  Il  s'agit  d'une  contribu¬ 
tion  en  eau  froide  qui  provient  du  courant  du  Labrador.  Suivant  la 
littdrature,  celui-ci  entre  par  le  c6td  nord  du  ddtroit  de  Belle-Isle  et 
suit  la  cote  du  Qudbec  jusqu'au  ddtroit  de  Jabques-Cartier  h 
{'occasion.  Cette  eau  dtant  extremement  froide  contribue  aussi  h 
abaisser  la  tempdrature  de  I'eau  du  cdtd  du  Qudbec.  11  s'agit  Ih 
d'une  condition  courantomdtrique  reconnue  par  plusieurs  auteurs. 
Cependant,  comme  il  ne  s'agit  pas  de  quelque  chose  de  stable  et  de 
rdgulier  dans  le  temps,  nous  avons  tentd  d'dtablir  la  frdquence  ^ 
laquelle  ces  entrdes  d'eau  froide  surviennent,  ^  partir  des 
hypotheses  fournies  par  les  auteurs  citds  au  tableau  2  (sous  ce 
thdme).  Ils  associent  ces  entrdes  k  une  diffdrence  de  pression  atmo- 
sphdrique  entre  le  golfe  du  Saint-Laurent  et  la  mer  du  Labrador. 
Aprds  examen  des  images  montrant  les  entrdes  d'eau  froide,  on 
s'aperfoit  que  les  dtendues  d'eau  froide  ne  se  retrouvent  que  sur  les 
images  du  printemps.  Nous  avons  ensuite  vdrifid  les  conditions 
atmosphdriques  correspondantes.  Pour  chaque  date,  on  note  la 
prdsence  d'une  erdte  de  haute  pression  qui  passe  sur  le  golfe.  On 
ne  possdde  cependant  pas  de  confirmation  de  la  prdsence  d'une 
basse  pression  sur  la  mer  du  Labrador.  Ainsi,  en  condition  de 
haute  pression  sur  le  golfe,  le  courant  rdsiduel  entre  par  le  ddtroit  de 
Belle-Isle  et  suit  gdndralement  la  Cote-Nord  du  Qudbec.  La 
situation  inverse  est  difficilement  observable  puisqu'en  condition  de 
basse  pression  sur  le  golfe,  celui-ci  est  gdndralement  convert  de 
nuages. 

Le  dernier  dldment  du  tableau  concerne  la  prdsence  de 
tourbillons  dans  le  secteur  du  chenal  d'Esquiman.  Ceux-ci 
(mentionnds  dans  la  littdrature)  pouiraient  avoir  un  impact  certain 
sur  le  transport  de  larves  dans  ie  secteur  d'dtude.  L'examen  des 
images  nous  permet  difficilement  de  percevoir  leur  prdsence.  On 
observe  certaines  formes  qui  ressemblent  h  la  structure  d'un  tour- 
billon  mais  rien  d'aussi  dvident  que  ce  qui  a  ddjk  dtd  observd  dans 
I'estuaire  et  la  partie  nord-ouest  du  golfe  du  Saint-Laurent  (Lacroix, 
1986;  Lavoie  ei  a/,  1985;  Tang, 1980). 

En  somme,  pour  les  masses  d'eau  qui  longent  la  c6te  du 
Qudbec,  il  semble  que  I'un  des  principaux  traits  a  retenir  soit  les 
tempdratures  froides  de  I'eau  a  la  surface.  Ensuite,  on  retient 
I'impact  des  vents  (gdndralement  de  I'ouest)  sur  le  transport  de 
masses  d'eau  et  des  larves  en  surface.  Finalement,  le  dernier  trait 
est  le  gradient  thermique  ouest-est.  On  voit  tout  de  suite  par  chacun 
de  ces  traits  que  la  Cote-Nord  du  Qudbec  n'est  pas  favorisde. 
D'abord,  les  tempdratures  de  I'eau  dtant  plus  froides,  les  lar/es 
auront  plus  de  difficultds  a  survivre  ou  prendront  plus  de  temps  a 
atteindre  la  maturitd,  contrairement  a  Terre-Neuve  oh  I'eau  attaint 
plus  rapidement  une  tempdrature  favorable  pour  les  larves.  Au 
point  de  vue  du  transport  de  ces  larves,  comme  les  vents  sont 
gdndralement  de  I'ouest,  celles-ci  risquent  d'etre  exportdes  et  de  se 
ddposer  ailleurs  que  sur  la  Cote-Nord,  si  cette  demiere  est  le  lieu  de 
ponte. 

LA  PECHE  SUR  LA  COTE-NORD 

La  partie  nord-est  du  golfe  Saint-Laurent  est  considdrde  comme 
un  secteur  moins  riche  au  niveau  biologique  (Steven,  1971).  Ceci 
se  rdfldte-t-il  au  niveau  de  la  peche  maritime?  A  cette  fin,  les  statis¬ 
tiques  sur  les  ddbarquements  totaux  au  (Qudbec  sont  un  bon  indice 
de  la  situation.  Une  attention  particulidre  sera  apportde  h  la  situation 
du  homard. 

Durant  la  pdriode  entre  1953  et  1984,  les  ddbarquements  totaux 
(poissons,  mollusques  et  crustacds)  variaient  entre  40  000  et  130 
000  tonnes  au  Qudbec.  Plus  particulidrement  entre  1973  et  1984, 
les  ddbarquements  de  la  Cote-Nord  et  d'Anticosti,  bien  que 
ddcroissant,  constituaient  en  moyenne  60%  des  ddbarquements.  En 
ce  qui  concerne  le  homard  amdricain,  les  ddbarquements  totaux 
variaient  entre  1  000  et  2  000  tonnes  pour  la  pdriode  de  1953  d 
1984.  La  Cote-Nord  ne  contribue  en  moyenne  que  pour  1%  de  ce 
total.  On  doit  cependant  considdrer  que  I'efTort  de  peche  dans  ce 
cas  est  beaucoup  moins  grand  sur  la  Cote-Nord  qu'ailleurs  au 
Qudbec.  Par  exemple,  d'aprds  Therriault  (1988),  '#  0%  des  bateaux 
des  Iles-de-la-Madeleine  pratiquent  la  peche  au  homard  contre  8% 
sur  la  Cote-Nord  et  ce  mal^rd  une  flotte  de  bateaux  2,5  fois 
supdn  lure  d  celle  des  lies.  La  peche  au  homard  n'est  done  pas 
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I'acdvitd  preniidre  de  cettc  rdgion. 

A  I'interprdtation  des  images,  on  a  supposd  que  la  tempdrature 
de  I'eau  et  les  courants  dtaient  plus  favorables  i  la  survie  et  ^  la 
CFoissance  de  larves  le  long  de  la  cote  de  Terre-Neuve  que  de  celle 
du  Qudbec.  Les  statistiques  de  ddbaiquements  I'indiquent  aussi. 
Prenons  la  division  des  zones  de  peches  de  I'Organisation  des 
Peches  de  I’Atlantiquc  Notd-Ouest  (OPANO)  et  comparons  les 
ddbarquements  totaux  (poissons  et  invertdbrds)  des  secteurs  4R 
(cote  ouest  de  Terre-Neuve)  et  4S  (Cote-Nord  et  Anticosti,  au 
Qudbec)  (figure  1).  On  voit  que  les  ddbarquements  totaux  du 
secteur  4R  (1973  S  1984)  sont  cn  moyenne  le  double  de  ceux  du 
secteur  4S  et  ce  malgrd  la  plus  grande  superficie  de  ce  dernier 
(figure  2).  Plus  spdcifiquement,  si  Ton  compare  les  ddbarquements 
de  homards  de  la  Cote-Nord  et  ceux  de  la  cote  ouest  de  Terre- 
Neuve,  pour  la  pdriode  entre  1953  et  1984,  on  s'aperqoit  que  la 
Cote-Nord  enregistre  un  peu  moins  de  2%  des  ddbarquements 
(figure  3).  La  zone  de  peche  la  plus  prds  du  ddtroit  de  Belle-Isle,  h 
Terre-Neuve,  enregisU’e  &  elle  seule  des  ddbarquements  qui  sont 
environ  10  fois  su^rieurs  &  ceux  de  la  Cote-Nord  en  entier.  Les 
tonnages  ddbarquds  rendent  comptc  d'un  effort  de  peche  surement 
plus  important  &  Terre-Neuve  qu'au  Qudbec,  mais  nous  n'avons 
cependant  pas  les  chiffres  ndeessaires,  h  I'heure  actuelle,  pour  le 
confirmer.  Toutefois,  cette  diffdrence  est  suffisamment  impoitante 
pour  palier  h  I'imprdcision  des  statistiques  de  ddbarquements  et 
indique  que  la  ressource  est  nettement  plus  impoitante  il  Terre- 
Neuve. 

RfiSULTATS  ET  CONCLUSIONS 

On  peut  done  constater,  par  le  biais  des  ddbarquements,  que  la 
peche  au  homard  est  meilleure  a  Terre-Neuve  que  sur  la  Cote-Nord 
du  Qudbec.  La  tempdrature  de  I'eau  serait  plus  favorable  It  la  survie 
et  h  la  croissance  des  larves  le  long  des  cotes  de  Terre-Neuve, 
compte  tenu  qu'elle  est  de  3  h  4‘’C  supdrieure  ^  celle  des  cotes  du 
Qudbec.  Cette  constatation  est  fondde  i  la  fois  sur  I'analyse  de 
statistiques  It  long  terme  et  sur  I'observation  directe  au  moyen 
d'images  satellites.  Le  rdgime  de  courant  semble  dgalement 
contribuer  k  ce  systime  puisque  la  Cote-Nord  semble  etre  souvent 
sous  I'influence  de  I'eau  froide  qui  entre  par  le  ddtroit  de  Belle-Isle. 
Par  ailleurs,  Terre-Neuve  est  favorisde  par  une  entrde  d'eau  plus 
chaude  depuis  le  ddtroit  de  Cabot  pour  ensuite  longer  la  cdte  en 
direction  nord-est.  Les  vents  sont  dgalement  importants  puisqu'en 
plus  de  favoriser  I'airlvde  d'eau  froide  en  surface,  ils  forcent  un 
ddplacement  de  cette  couche  de  surface  vers  la  cote  de  Terre-Neuve 
et  le  centre  du  golfe. 

Un  examen  plus  ddtailld  de  ces  didments  (tempdrature  de  I'eau, 
Vitesse  et  direction  des  vents,  conditions  mdtdorologiques 
gdndrales)  serait  ndeessaire  sur  une  plus  longue  dchelle  temporelle 
que  seulement  celle  qui  correspond  aux  images  satellites  analysdes 
dans  cette  dtude.  La  corrdlation  entre  les  divers  didments  et  les 
ddbaiquements  pouirait  etre  dgalement  vdrifide.  Diverses  teniatives 
ont  ddjh  dtd  faites,  avec  plus  ou  moins  de  succds,  pour  prddire  les 
ddbarquements  de  homards  dans  le  sud  du  golfe.  On  coirdlait 
diffdrents  paramdtres  environnementaux  comme  les  ddbits  d'eau 
douce  (Sutcliffe,  1973),  les  vents  dominants  (Caddy,  1979)  et  la 
tempdrature  de  surface  (Boudreault  of,  1977;  Dow,  .977)  avec 
les  ddbarquements  obtenus  quelques  anndes  plus  tard. 

II  est  done  intdressant  de  continuer  sur  cette  voie  en  examinant 
avec  plus  de  soins  les  paramdtres  physiques  qui  ont  une  influence 
rdelle  sur  la  survie,  la  croissance  et  le  transport  de  larves,  ainsi  que 
leurs  variations  h  long  terme.  Suivant  I'expdrience  acquise  par 
d'autres  auteurs  dans  le  sud  du  golfe,  nous  tenterons  un  exercice 
similaire  pour  la  partie  nord-est  du  golfe  cette  fois,  avec  un 
ensemble  plus  complet  de  donndes.  II  sera  peut-etre  possible  alors 
d'dlaboier  un  moddle  de  prddiction  des  bonnes  et  mauvaises  anndes 
de  ddbarquements  en  function  de  plusieurs  conditions  environne- 
mentalcs.  Une  publication  sur  le  sujet  suivra  bientot  dans  le  Journal 
Canadien  des  Sciences  Aquatiques  et  Halieutiques. 
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Figure  3  Odbarquemenls  de  homard  em^ncain  sur  la  Cote  Nord 
au  Quebec  et  sur  la  cote  ouest  de  Terre-Neuve 


Figure  1  Les  zones  dcp6chcdc  la  C0lc-Nord(sccicurombrag6).  Lunites 
provincialcs  cn  trait  pointilld  ct  iimilcs  scion  rOrganisaiion  dcs  P6chcs  dc 
rAiIaniiquc  Nord-Oucsi  (0,P.A.N.O.)  cn  trait  fonci. 
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Figure  2  O^berquemenls  totaux  sur  la  cote  ouest  de  Terre-Neuve  (*1R) 
et  sur  la  Cote  Nord  et  Anticosti  au  Quebec  (^S) 
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Abstract 

Analysis  of  imaging  spectrometer  datasets  is  difficult  because  of 
the  tremendous  volume  of  data  and  the  need  for  expertise  in 
recognizing  moderate-  to  high-resolution  spectral  signatures.  In 
the  knowledge-based  expert  system  presented  here,  data  pre- 
processed  with  iog  residuals  to  remove  topographic  and 
atmospheric  effects.  Pixels  from  training  areas  are  used  to  obtmn 
specual  signatures  of  representative  areas  known  to  be 
dominated  by  certain  minerals  or  alteration  types.  The  specOT  arc 
then  feature-coded  using  predetermined  spectral  windows  based 
on  a  knowledge  of  the  spectral  features  of  the  minerals  or 
alteration  zones.  The  result  is  a  knowledgebase  of  the  feature 
codes  of  representative  minerals.  Each  pixel  spectrum  in  the 
image  is  then  matched  against  the  knowMgebase  of  codes,  mo 
the  pixel  is  assigned  a  color  (represented  by  a  single-digit 
numW)  corresponding  to  its  alteration  type,  or  black  if  there  is 
no  match.  .The  resulting  image-map  of  numeric  codes 
corresponding  to  minerals  is  much  smaller  than  the  original 
multichannel  dataset.  The  system  was  tested  in  the  Yeringwn 
District  of  western  Nevada,  USA,  and  the  image-map  has 
excellent  correlation  with  known  geology. 

Introduction 

The  purpose  of  this  work  was  to  develop  techniques  to 
automatically  recognize  and  classify  spectral  signatures  in 
imaging  spectrometer  data.  There  are  two  significant  problems 
associated  with  such  automated  classification.  The  first  is  the 
tremendous  volume  of  data  contained  in  image  data  with  high 
spectral  and  spatial  resolution.  The  second  is  the  specialized 
knowledge  of  mineral  spectroscopy  necessary  to  interpret 
moderate-  to  high-resolution  spectra. 

The  approach  taken  was  to  utilize  spectral  coding  in  order  to 
compress  the  data  and  to  facilitate  automatic  interpretation.  The 
coding  scheme  was  designed  based  on  a  knowledge  of  the 
absorption  features  of  the  minerals  of  interest.  A  database,  or 
knowledgebase,  of  the  codes  was  assembled  based  on  the 
minei^s  known  to  occur  in  the  study  area.  After  appropriate  pre¬ 
processing,  all  the  pixels  in  an  image  are  codified,  the  expert 
system  then  searches  the  knowledgebase  to  match  the  pixel 
codes  to  the  known  codes.  If  a  match  occurs,  the  pixel  is 
reassigned  a  one-digit  value  corresponding  to  a  particular 
mineral  and  a  color  for  display.  Pixels  which  don't  match  any 
known  code  are  assigned  a  digit  corresponding  to  black.  The 
colors  in  the  resulting  image  correspond  directly  to  mineral 
spectra  in  the  knowledgebase. 


Image  data  were  obtained  from  the  Geophysical  Environmental 
Research  Imaging  Speedometer  (GERIS).  GERIS  measures  63 
channels  at  wavelengths  from  O.S  to  2.5  pm.  There  are  512 
pixels  per  line;  for  this  study,  8(X)  lines  were  analyzed.  The 
spatial  resolution  of  the  system  as  used  at  Yerington  was  20 
meters.  Approximately  51  megabytes  of  data  were  required  for 
the  10  km  by  16  km  study  area. 

The  Yerington  hydrothermal  system,  located  80  km  southeast  of 
Reno,  Nevada,  USA,  is  a  Mesozoic  porphyry  system.  Miocene 
extensional  basin-and-range  faulting  rotated  the  deposit  nearly 
90®,  resulting  in  a  horizontal  exposure  of  the  originally  vertici 
hydrothermal  system.  It  was  heavily  mined  for  copper  from  the 
1950's  through  the  1970's.  Parts  of  the  system  have  been 
mapped  in  great  detail  (Dilles  1983;  Proffett  and  Dilles  1984). 
The  excellent  horizontal  exposures  of  batholith-scale  alteration 
zoning  make  this  an  ideal  test  area  for  imaging  spectrometry. 

Methods 

I.  Processing  Sequence: 

1.  Pixel  Averaging 

Four  pixels  are  averaged  into  one  in  order  to  increase  the 
signal-to-noise  ratio  and  to  reduce  the  size  of  the  image.  While 
the  image  data  are  of  very  adequate  quality  for  displays  of 
individual  channels,  the  success  of  the  automatic  spectral 
recognition  algorithm  described  here  was  significantly  improved 
by  pixel  averaging.  An  additional  advantage  is  that  the 
compressed  display  allows  the  entire  16  km  length  of  the 
exposures  at  Yerington  to  be  easily  viewed  on  a  single  4(K)  line 
display. 

2.  Log  Residuals 

The  data  were  transformed  by  log  residuals  (Green  and 
Craig  1985)  in  order  to  remove  atmospheric  and  topographic 
effects  from  the  spectral  data.  In  raw  form,  the  spectra  for  all 
pixels  app^  very  similar.  The  spectral  shape  is  dominated  by 
the  absorption  of  solar  radiation  by  atmospheric  gases,  primarily 
H2O  and  CO2,  with  major  absorptions  at  1.4,  1.9,  and  2.7  pm. 
Overall  spectral  radiance  of  different  pixels  varies  due  to 
shading.  The  transformation  consists  of  converting  the  data  to 
logarithms,  and  subtracting  from  each  log  pixel  spectrum:  1.  the 
average  log  spectrum  for 'the  entire  image,  which  accounts  for 
the  effects  of  atmospheric  absorption  and  systematic  instrument 
variations;  and  2.  the  average  brightness  of  that  pixel  in  all 
channels  _(i.e.  a  pixel  albedo),  which  accounts  for  differences  in 
illumination  between  pixels.  The  differences  are  usually  the 
result  of  shading  by  clouds  or  steep  topography.  The  residuals 
which  result  from  these  transformations  are  then  rescued  to  a 
convenient  range  of  values. 
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3.  Feature  Extraction 

One  of  the  most  important,  and  most  difricult  steps  in  the 
processing  sequence  is  the  extraction  of  significant  spectral 
features  from  the  data.  The  features  consist  of  absorptions,  or 
areas  of  low  log  residual  brightness,  at  wavelengths 
characteristic  of  certain  target  minerals.  The  human  expert  can 
usually  distinguish  anomalous  data  values  (noise)  from 
significant  spectral  information  in  an  individual  spectrum,  but 
automating  the  process  for  large  numbers  of  spectra  is  more 
difficult.  Two  approaches  to  automated  feature  extraction  were 
tested. 

The  first  approach  relied  on  curve  shape  to  detect 
absorption  features.  To  be  labeled  as  a  minimum,  a  point  in  the 
spectrum  had  to  be  a  local  minimum  (determined  by  the 
immediately  adjacent  points  on  the  right  and  left),  and  the 
neighboring  five  points  on  either  side  also  had  to  meet  criteria 
for  an  appropriate  range  of  slopes  down  toward  the  minimum 
point. 

The  second  approach  relied  on  deviation  from  average 
pixel  brightness  to  detect  absorption  features.  The  average 
albedo  of  the  pixel  was  computed,  i.e.  the  average  value  for  all 
channels  of  a  pixel  spectrum.  Any  channel  (which  was  also  -i 
local  minimum)  falling  more  than  a  given  threshold  below  the 
average  was  determined  to  be  an  absorption.  Figure  1  shows  the 
ciiteria  for  an  absorption  feature  based  on  deviation  form  the 
spectrum  average  of  a  typical  log  residual  spectrum  in  an  area  of 
sericidc  alteration. 

The  results  from  both  techniques  were  a  list  of  the 
channels  in  each  pixel  spectrum  which  satisfied  the  criteria  for 
being  absorption  features.  The  first  technique  was  more 
appealing  in  that  it  mimicked  the  style  of  the  human  expert's 
interpretation  of  spectral  curve  shape.  However,  it  was  more 
computationaliy  intensive  than  the  second  method,  and  was  less 
successful  at  extracting  significant  spectral  features.  The  second 
method,  utilizing  deviation  of  local  minima  from  average  pixel 
albedo,  produced  better  results. 

4.  Feature  Coding 

Feature  coding  has  been  successfully  applied  to 
individual  laboratory  spectra  (Yamaguchi  and  Lyon  1986; 
Goetting  and  Lyon  1986)  The  work  here  uses  similar 
techniques  applied  to  the  thousands  of  spectra  in  an  imaging 
spectrometer  dataset.  Each  target  mineral  has  a  small  number 
(usually  from  one  to  three.)  of  significant  absorption  features 
measurable  remotely  by  an  imaging  speedometer.  Depending  on 
the  number  of  target  minerals  and  the  spectral  resolution  of  the 
measurements,  the  few  features  in  any  one  mineral  spectrum  can 
occur  in  a  limited  number  of  wavelengths.  These  wavelengths 
are  determined  by  the  molecular  structure  of  the  minerals,  and 
can  be  obtained  from  laboratory  measurements  or  published 
spectra  (e.g.  Hunt  and  Salisbury  1970).  Absorption  features  in 
imaging  spectrometer  data  can  vary  over  a  range  of  wavelengths 
depending  on  mineral  composition,  mineral  mixtures  within  the 
ground  area  covered  by  a  pixel,  instrument  noise,  etc.  Thus  the 
pre-defined  wavelengths  are  actually  wavelength  bands,  and  can 
include  more  than  one  channel  of  imaging  spectrometer  data.  For 
GERIS  imagery  at  Yerington,  only  five  wavelength  bands  were 
sufficient  to  characterize  the  significant  absorptions.  Figure  2 
shows  an  expanded  version  of  two  pixel  specda,  one  from  the 
sericitic  zone  and  one  from  the  advanced  argillic  zone,  along 
with  the  five  wavelength  bands. 

Each  of  the  five  locations  was  assigned  a  number  from  one  to 
five.  The  code  for  a  spectrum  consists  of  a  list  of  the  numbers 
corresponding  to  those  wavelength  bands  where  absorption 
features  occur.  Absorptions  which  occur  outside  of  the  pre¬ 
defined  wavelengths  are  not  recorded  in  the  code.  The  numbers 
are  then  arranged  in  order  of  decreasing  absorption  depth.  The 
code  for  the  upper  spectrum  shown  in  Figure  2  would  be  4, 
while  that  for  the  lower  would  be  35.  For  comparison,  ground 
spectra  (with  artificial  illumination)  are  shown  for  the  same  areas 
in  Figure  3.  Artificial  illumination  allows  the  ground  insmiment 
to  detect  absorption  features  near  1.9pm. 


S.  Code  Matching 

The  code  for  each  pixel  was  then  matched  against  a  list 
of  known  codes  in  a  database.  The  codes  in  the  database  were 
obtained  from  training  areas  as  described  below.  Each  code  in 
the  database  was  associated  with  a  specific  mineral  or  alteration 
type.  If  the  code  for  a  pixel  matched  one  of  the  codes  in  the 
database,  that  pixel  was  then  relabeled  with  a  color  code 
corresponding  to  that  alteration  type.  If  there  was  no  match  for 
the  pixel,  the  pixel  was  assigned  the  color  black.  The  resulting 
image  consisted  of  pixels  color-coded  for  specific  alteration 
zones,  and  black  elsewhere.  (Each  color  is  assigned  an  integer, 
e.g.  sericite=red=l,  alunite=blue=2,  etc.)  The  color-codified 
pixels  are  a  significant  reduction  in  data  size  from  the  original 
pixel  spectra.  The  original  data  consisted  of  63  channels  of  12- 
bit  data  for  each  pixel;  the  alteration  mineral  color  code  consists 
of  a  single-digit  integer  for  each  pixel. 


II.  Formation  of  the  Knowledge  Base 

Parts  of  the  Yerington  District  have  been  mapped  and 
studied  in  detail  (Dilles  1983,  Proffett  and  Dilles  1984,  Lyon 
1987,  Lyon  and  Rubin  1988).  Certain  areas  known  to  be 
dominate  by  a  single  mineral  or  alteration  zone  were  used  as 
training  areas  to  obtain  representative  mineral  codes.  The 
procedure  consisted  of  visually  scanning  a  list  of  the  codes  for 
all  the  pixels  within  the  training  area,  and  noting  which  codes 
were  most  common.  In  connast  to  the  usual  use  of  training  areas 
to  obtain  an  "average"  signature  for  the  training  area,  no 

averaging  was  performed.  Each  training  area,  which  consisted 
of  between  10  and  100  pixels,  could  usually  be  characterized  by 
just  a  few  codes.  In  this  way,  the  few  codes  formed  an 
exhaustive  list  of  all  the  different  but  significant  spectral 
signatures  which  should  be  assigned  the  same  color  in  the  final 
output  classified  image. 

The  database  of  codes  was  stored  in  a  separate  file  which  could 
be  easily  edited.  Editing  allowed  the  user  to  change  the 
assignment  of  codes  to  alteration  types  in  order  to  obtain  the 
image  which  best  matched  the  known  disudbution  of  minerals 
and  alteration  zones.  The  database  structure  also  allows  separate 
commentary  for  each  mineral  code.  The  longer  codes  had  the 
most  specific  or  rigorous  description  of  the  original  spectrum, 
and  were  therefore  used  for  matching  in  preference  to  shorter 
codes.  For  example,  a  code  of  3412  contains  more  information 
than  the  code  34,  and  a  pixel  matching  3421  should  be  assigned 
to  that  alteration  type  rather  than  the  one  associated  with  the 
shorter  code  34. 

Results  and  Conclusions 

Imaging  spectrometer  datasets  are  very  large  and  require 
expertise  in  spectfoscopic  analysis  for  interpretation.  The  expert 
system  described  here  utilizes  the  knowledge  of  both  mineral 
absorption  features  and  the  distribution  of  those  minerals  in  field 
U^ining  areas  to  create  a  knowledgebase.  The  knowledgebase  is 
then  used  to  automatically  interpret  and  classify  the  thousands  of 
spectra  in  an  imaging  spectrometer  dataset.  The  technique  was 
tested  in  the  Yerington  District,  western  Nevada,  USA,  where 
there  are  excellent  exposures  of  a  hydrothennal  alteration  system 
which  has  been  well  studied  with  traditional  and  remote 
sensing/spectroscopic  techniques.  The  classified  images  from 
the  expert  system  agree  very  well  with  the  known  distribution  of 
minerals  and  alteration  types. 
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ABSTRACT 

The  advent  of  imaging  spectrometers,  which 
acquire  data  that  are  both  spectrally  contiguous  images 
and  spatially  contiguous  spectra,  promises  to  provide  new 
capabilities  for  quantitative  remote  sensing  of  the  earth. 
Such  data  sets  cannot  be  analyzed  fully  using  either 
existing  spectroscopic  or  image  techniques.  New  methods 
must  be  developed  to  take  full  advantage  of  the  unique 
combination  of  spatial  and  spectral  data.  Singular  Value 
Decomposition  (SVD)  is  a  powerful  matrix  analysis 
technique  that  has  applications  in  spectral  unmixing  and 
determination  of  the  spatial  scales  of  mixing. 

KEY  WORDS:  imaging  spectrometry,  spectral  unmixing, 
singular  value  decomposition 

INTRODUCTION 

The  developing  technology  of  imaging 
spectrometry  is  providing  new  and  promising  data  that 
can  be  used  for  geologic  investigation  of  the  Earth  (Goetz 
and  others,  1985).  The  data  sets  are  at  once  both  a  spatially 
contiguous  set  of  radiance  or  reflectance  spectra  and  a 
spectrally  contiguous  set  of  spatial  images.  Such  data  sets 
are  best  envisioned  as  three  dimensional  cubes  of  values. 
Two  dimensions  are  spatial,  corresponding  to  the  sample 
and  line  numbers  of  the  pixel.  The  third  dimension  is 
spectral,  indicating  the  wavelength  or  band  number  of  the 
observed  value.  These  unique  characteristics  of  imaging 
spectrometry  data  are  both  the  sources  of  its  promise  for 
new  capabilities  and  the  factors  that  necessitate  the 
development  of  new  techniques  for  analysis  and 
interpretation  of  such  data  sets.  Singular  Value 
Decomposition  (SVD)  (Golub  and  Van  Loan,  1983;  Press 
and  others,  1986)  is  a  powerful  tool  used  in  matrix 
calculations  and  has  several  applications  in  imaging 
spectrometry  analysis.  Two  such  applications,  spectral 
unmixing  and  determination  of  the  spatial  scale  of 
spectral  variance  are  described  here. 

Analysis  techniques  for  imaging  spectrometry  data 
cannot  be  directly  adapted  from  the  existing  methods  used 
for  either  spectroscopic  data  or  multispectral  image  data. 
The  sheer  number  of  individual  spectra  requires  an 
automated  and  efficient  method  for  extraction  and  full 


use  of  the  spectral  information.  Similarly,  the  large 
number  of  spectral  bands  precludes  a  full  utilization  of  the 
data  in  standard  image  processing  environments.  New 
analysis  and  interpretation  techniques  must  be  developed 
that  take  full  advantage  of  this  unique  coupling  of  spatial 
and  spectral  information.  The  high  spectral  resolution 
common  in  such  data  sets  encourages  a  shift  from 
statistical  and  empirical  interpretation  techniques  to  more 
deterministic  and  quantitative  ones.  Individual  mineral 
may  be  detected  and  identified  based  upon  their  diagnostic 
spectral  responses  (Kruse  and  others,  1989).  However,  the 
finite  spatial  resolution,  typically  tens  of  mefers,of  the 
current  instruments  results  in  each  observed  spectrum 
being  a  mixed  spectrum.  These  mixed  spectra  are 
combinations  of  the  spectra  characteristic  of  the  spectrally 
homogeneous  components  at  the  surface  within  the  pixel. 
Quantitative  interpretation  of  these  mixed  spectra 
requires  an  understanding  of  the  modes  and  spatial  scales 
of  mixing  of  the  spectrally  homogeneous  components  in 
the  area  of  interest.  Additionally,  one  requires  a  method 
of  inverting  this  mixing  process  to  find  the  spatial 
abundance  distribution  patterns  of  the  mixing 
components.  The  scales  of  spatial  mixing  can  be 
examined  and  an  unmixing  technique  developed  using 
two  different  applications  of  SVD. 

SPECTRAL  UNMIXING 

Spectral  mixing  results  from  the  fact  that  the 
observed  reflected  electromagnetic  radiation  from  a  pixel 
has  rarely  interacted  with  a  volume  composed  of  a  single 
homogeneous  material.  The  spatial  mixing  of  materials 
within  the  volume  bounded  by  the  pixel  area  and  the 
depth  of  penetration  is  the  cause  of  spectral  mixing. 
Depending  upon  the  geometry  of  this  spatial  mixing 
either  a  linear  or  nonlinear  model  may  be  used  to  describe 
the  resulting  spectral  mixing.  If  a  single  incident  photon 
is  multiply  scuttered  and  encounters  more  than  one 
material  before  escaping  as  reflected  light  then  a  nonlinear 
spectral  mixing  results.  Pure  linear  mixing  is  the  opposite 
case  in  which  no  single  photon  encounters  more  than  one 
material.  Models  have  been  developed  describing  both 
the  linear  (Singer  and  McCord,  1979;  Adams  and  Smith, 
1986)  and  nonlinear  (Hapke,  1981;  Johnson  and  others, 
1983)  models  for  spectral  mixing.  Inversion  of  these 
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spectral  mixing  models  has  shown  great  promise  in 
providing  quantitative  abundance  estimates  for  the 
individual  mixing  components  (Mustard  and  Pieters, 
1987;  Smith  and  others,  1985).  In  the  nonlinear  model  the 
problem  is  linearized  through  a  change  of  variables.  So 
all  of  these  techniques  rest  ultimately  on  a  linear 
relationship  between  an  observed,  or  linearized, 
spectrum  and  a  library  composed  of  spectra  associated 
with  the  individual  mixing  components.  Determination 
of  the  unknown  abundance  values  is  accomplished  by 
inversion  of  the  library  matrix  and  multiplication  by  the 
observed  spectrum.  This  is  shown  in  a  simplified  form  in 
Figure  1.  SVD  is  a  particularly  useful  method  for 
inverting  the  library  matrix  as  it  allows  insight  into  the 
resolving  power  and  suitability  of  the  library  and  control 
on  the  trade  off  between  resolution  and  solution  variance. 


A 

X 

B 


is  an  M  by  N  endmember  library  matrix 

is  an  N  by  1  unknown  abundance  vector 

is  an  M  by  1  observed  data  vector 

M  is  the  total  number  of  bands 
N  is  the  number  of  mixing  endmembers 


A  *  X  =  B 
X  =  A’  *  B 

Figure  1.  Forward  and  inverse  linear  spectral  mixing 
models  in  matrix  and  vector  symbols. 

Singular  Value  Decomposition  takes  advantage  of 
the  fact  that  any  matrix  may  be  decomposed  into  the 
product  of  two  column  orthogonal  matrices  and  a 
diagonal  matrix.  This  decomposition  is  accomplished 
through  bidiagonalization  through  by  a  series  of 
Householder  transformations  and  a  subsequent 
diagonalization  by  QR  shifts  (Press  and  others,  1986).  This 
is  outlined  in  in  Figure  2.  Since  the  original  matrix  is 
now  decomposed  into  the  product  of  three  orthogonal 
matrices,  inversion  of  the  library  matrix  is  done  by  simply 
taking  the  transpose  of  the  U  and  V  matrices  and  using 
the  reciprocal  values  in  the  W  matrix.  Thus  an  inverse  of 
the  original  library  is  formed.  A  simple  vector-matrix 
multiplication  between  this  inverse  library  and  the 
observed  spectrum  gives  a  least-squares  estimate  of  the 
unknown  endmember  abundance  vector.  Singular  Value 
Decomposition  is  a  better  method  to  use  for  inversion  of 
the  library  matrix  than  Gaussian  elimination  since  it  can 
handle  singular  and  near  singular  matrices.  In  addition  it 
allows  quantitative  examination  of  the  spectral 
separability  of  the  library  endmembers  through  an 
examination  of  the  three  matrices  produces  by  the 
decomposition. 


is  an  M  by  N  endmember  library  matrix 
U  is  an  M  by  N  matrix  of  orthogonal  columns 
w  is  an  N  by  N  diagonal  matrix  of  singular  values 
is  an  N  by  N  matrix  of  orthogonal  columns 

A  =  U  *  W  *  V 
a’=  V  *  1/W  * 

Figure  2.  Symbolic  representation  of  Singular  Value 
Decomposition  of  the  library  matrix  and  the 
formation  of  the  inverse  library  matrix. 


Analysis  of  the  values  in  the  W  matrix,  the 
singular  values,  permits  a  determination  of  the  spectral 
volume  spanned  by  the  mixing  endmembers, 
measurement  of  their  mutual  spectral  separability  and 
analysis  of  the  spectral  distribution  of  Information  in  the 
library.  Through  such  studies  estimates  can  be  made  of 
the  unmixing  accuracy  possible  for  a  given  instrument 
and  a  given  library  (Goetz  and  Boardman,  1989).  If  the 
library  of  endmembers  is  completely  spectrally  separable, 
orthogonal  endmembers,  the  normalized  singular  values 
would  all  be  equal.  For  a  wholly  degenerate  library  all  but 
one  singular  value  would  be  zero,  indicating  that  all  of 
the  endmembers  are  merely  linearly  scaled  versions  of 
each  other.  Real  spectral  libraries  are  intermediate  to 
these  two  extreme  cases.  Small  singular  values  come 
about  as  the  result  of  spectral  degeneracy  in  the  library.  In 
the  inversion  process  the  reciprocal  values  of  these 
elements  of  the  W  matrix  tend  to  have  exceedingly  high 
values.  Including  them  in  the  inversion  process 
contributes  greatly  to  the  solution  variance  but  only  adds 
slightly  to  resolution  between  the  endmembers.  When 
using  SVD,  an  optimum  balance  may  be  struck  between 
better  resolution  and  less  solution  variance  by  damping 
some  of  the  contributions  of  the  smallest  singular  values. 
This  may  be  done  through  either  zeroing  the  large 
reciprocal  values,  to  remove  their  contribution  entirely, 
or  multiplying  them  by  a  damping  factor,  to  decrease  their 
effect. 

Application  of  the  described  spectral  inversion 
techniques  to  real  imaging  spectrometry  data  sets 
involves  choosing  an  unmixing  library  and  the 
subsequent  inversion  of  each  spectrum.  The  library  of 
mixing  endmembers  may  be  either  spectra  chosen  from 
the  data  itself  or  laboratory  and/or  field  spectra.  This 
inversion  process  results  in  the  entire  data  cube  being 
mapped  into  an  information  cube  whose  spatial  slices  are 
endmember  abundance  distribution  images.  Figure  3 
illustrates  how  the  inverse  mixing  model  is  used  to  do 
this  damping  in  an  overdetermined  case,  where  the 
number  of  endmembers  is  less  than  the  number  of  bands 
used.  In  addition  to  the  endmember  abundance  images 
other  inversion  products  may  be  useful  in  improving  the 
interpretation  of  the  results.  An  error  image  may  be 
produced  by  comparing  the  best  fitting  spectrum  produced 
by  the  inversion  to  the  original  observed  spectrum.  This 
gives  a  pixel  by  pixel  estimate  for  the  accuracy  of  the 
inversion  and  the  appropriateness  of  the  chosen 
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endmembers.  Also  an  average  residual  spectrum  can  be 
formed  by  summing  the  residuals  for  each  pixel  band  by 
band  and  dividing  by  the  number  of  pixels  used.  This 
spectrum  can  be  used  to  help  decide  what  additional 
endmembers  could  be  added  to  the  library  to  improve  the 
inversion.  Initial  results  using  real  data  sets  provide 
encouraging  agreement  between  previously  mapped  and 
calculated  distributions. 
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Figure  3.  Processing  technique  for  converting  a  cube  of 
reflectance  data  into  a  cube  of  endmember 
abundance  images  through  overdetermined 
spectral  mixing  inversion. 


SPATIAL  SCALES  OF  SPECTRAL  VARIANCE 

The  scales  of  spatial  mixing  of  spectral  endmembers 
coupled  with  the  spatial  resolution  of  the  instrument 
determine  the  degree  of  spatial  oversampling  or 
undersampling  in  an  imaging  spectrometry  data  set.  If  no 
spatial  mixing  occurs  on  scaies  less  than  20  meters  then  a 
20  meter  spatial  resolution  will  suffice  for  adequate 
sampling.  The  scale  of  spatially  mixing  of  natural 
materials  of  geologic  interest  ranges  from  microns  to 
many  meters  and  is  itself  spatially  variable.  Through 
analysis  of  the  data  themselves  a  determination  may  be 
made  of  the  spatiai  distribution  of  the  scales  of  mixing  for 
those  scales  greater  than  the  pixel  size.  This  is  a  new 
application  of  SVD  to  imaging  spectrometry  data  analysis 
utilizing  the  unique  combination  of  spectral  and  spatial 
information.  It  allows  examination  of  the  spatial 
distribution  of  spectral  variance  in  both  the  spectral  and 
spatial  dimensions. 

To  map  the  spatial  distribution  of  the  spatiai  scales 
of  spectral  variance  a  suite  of  SVD  operators  is  convolved 
with  the  data  set.  Square  windows  of  dimensions  3  by  3, 5 
by  5  and  7  by  7  pixels  are  used.  For  each  of  these  windows 
the  center  spectrum  and  the  surrounding  spectra  within 
the  window  are  used  to  form  a  spectral  library.  SVD  is 
applied  to  the  library  and  the  9,  25  or  49  singular  values 
are  assigned  to  the  center  pixel  as  a  singular  value 
"spectrum".  The  sum  of  the  squares  of  the  singular 
values,  representing  the  total  spectral  variance  of  the 
library,  is  also  recorded.  After  this  is  done  for  all  three 
window  sizes  the  three  total  variance  images  are 
compared.  Two  different  mean  removai  techniques  are 
used  to  suppress  variance  associated  with  changes  in 
overall  albedo.  Either  each  library  spectrum  is  demeaned 
individually  or  the  entire  library  formed  by  the  spectra  in 
a  window  is  corrected  by  the  mean  of  that  library  group. 
Figure  4  shows  examples  of  the  singular  value  "spectra" 
for  the  extreme  maximum  and  minimum  variances 


observed  in  a  63  channel  imaging  spectrometer  data  set 
using  the  3  by  3  window.  The  maximum  variance 
singular  value  "spectrum",  the  top  curve,  is  from  a  region 
where  significant  spectral  variability  is  found  within  the  3 
by  3  pixel  window,  indicating  spatial  mixing  on  scales  less 
than  three  times  the  pixei  size.  The  minimum  spectral 
variance  singular  value  "spectrum",  the  bottom  curve,  is 
from  a  region  of  high  spectral  homogeneity  on  this  scale. 


SINGUUR  VALUE  NUMBER 

Figure  4.  Normalized  maximum  and  minimum 
variance  singular  value  "spectra"  for  a  3  by  3 
pixel  window  in  a  63  channel  imaging 
spectrometer  data  set  of  Cuprite,  Nevada. 

Analysis  of  the  results  of  this  procedure  have 
shown  it  to  be  of  use  in  outlining  and  identifying  both 
regions  of  spectral  homogeneity  and  regions  of  small  scale 
spatial  mixing.  The  dominant  local  scale  of  mixing,  at 
superpixel  scales,  can  be  determined  by  observing  a  single 
pixel  in  the  total  variance  images  for  the  different  window 
sizes.  In  the  7  by  7  window  image  it  might  appear  with  a 
high  value ,  indicating  it  would  be  spatially  undersampled 
if  the  pixel  size  was  increased  by  a  factor  of  seven.  At  the 
same  time  it  may  appear  as  a  low  value  in  the  3  by  3 
window  image,  indicating  that  a  pixel  size  three  times 
larger  than  present  would  have  sufficed  to  give  adequate 
spatial  sampling.  Thus  the  local  scale  of  spectral  variance 
is  between  3  and  7  times  the  pixel  size.  The  entire 
processes  described  above  can  be  done  with  spectral 
subsets  instead  of  the  entire  spectral  range.  In  this 
manner  the  spectral  dependence  of  the  degree  of  spatial 
undersampling  can  be  determined. 

CONCLUSIONS 

Imaging  spectrometry  data  represent  a  unique  and 
valuable  combination  of  spectral  and  spatial  information. 
In  geologic  applications  the  most  useful  applications 
involve  the  quantitative  mapping  of  lithologies  and 
mineralogies.  Since  spatial  mixing  of  geologically 
interesting  components  occurs  on  a  wide  range  of  scales,  it 
is  important  to  have  accurate,  flexible  and  inform.ative 
techniques  to  invert  the  spectral  mixing  inherent  in  the 
data  sets.  Singular  Value  Decomposition  provides  a  tool 
that  can  be  used  in  both  determining  the  scales  of  spatial 
mixing  and  the  actual  unmixing  itself.  When  used  to 
invert  the  mixing  endmember  library  this  technique 
allows  for  more  insight  into  the  library  characteristics  and 
allows  more  control  of  the  inversion  process  than  others 


commonly  used  matrix  inversion  techniques.  It  can  be 
used  to  show  the  mutual  separability  of  the  endmembers, 
to  determine  the  spectral  volume  spanned  by  the 
endmembers  and  to  provide  a  method  for  balancing  the 
solution  resolution  and  variance. 

CITED  REFERENCES 

1.  Goetz,  A.F.H.,  Vane,  G.,  Solomon,  J.E.  and  Rock, 
B.N.,  "  Imaging  spectrometry  for  earth  remote 
sensing".  Science,  v.  228,  p.  1147-1153, 1985. 

2.  Golub,  G.H.  and  Van  Loan,  C.F.,  Matrix 
Computations.  Johns  Hopkins  University  Press, 
Baltimore,  1983. 

3.  Press,  W.H.,  Flannery,  B.P.,  Teukolsky,  S.A.  and 
Vetterling,  W.T.,  Numerical  Recipes.  Cambridge 
University  Press,  New  York,  1986. 

4.  Kruse,  F.A.  ,  Kierein- Young,  K.S.  and  Boardman, 
J.W.,  "  Mineral  mapping  at  Cuprite,  Nevada  with  a 
63  channel  imaging  spectrometer".  Photogram.  Eng. 
and  Remote  Sensing,  v.  40,  no.  4,  submitted,  1989. 

5.  Singer,  R.  and  McCord,T.,"Mars:  large  scale  mixing 
of  bright  and  dark  surface  materials  and 
implications  for  analysis  of  spectral  reflectance", 
Proc.  10th  Lunar  and  Plan.  Sci.  Conf.,  p.  1835-148, 
1979. 

6.  Adams,  J.B.  and  Smith,  M.O.,  "Spectral  mixture 
modeling  :  a  new  approach  to  analysis  of  rock  and 
soil  types  at  the  Viking  lander  1  site",  J.  Gcoph.  Res., 
V.  91,  p.  8098-8112, 1986. 

7.  Hapke,  B.,"Bidirectional  reflectance  spectroscopy  1. 
theory,"  J.  Geoph.  Res.,  v.  89,  p.  6329-6340, 1981. 

8.  Johnson,  P.,  Smith,  M.,  Taylor-George,  S.,  Adams,  J., 
"A  semiempirical  method  for  analysis  of  the 
reflectance  of  binary  mineral  mixtures:,J.  Geoph. 
Res.  V.  88,  p.  3557-3561, 1983. 

9.  Mustard,  J.  and  Pieters,C.,  "Quantitative  abundance 
measurements  from  bidirectional  reflectance 
measurements",  Proc.  17th  Lunar  and  Plan.  Sci. 
Conf.,  J.  Geoph.  Res.,  v.  92,  p.  E617-E626, 1987. 

10.  Smith,  M.O.,  Johnson,  P.E.  and  Adams,  J.B., 
"Quantitative  determination  of  mineral  types  and 
abundances  from  reflectance  spectra  using  principal 
components  analysis",  J.  Geoph.  Res.,  v.80,supp.,p. 
C797-C804,1985. 

11.  Goetz,  A.FH.  and  Boardman,  J.W.,"Quantitative 
determination  of  imaging  spectrometer 
specifications  based  on  spectral  mixing  models", 
IGARSS  1989,  this  publication. 

ACKNOWLEDGEMENTS 
This  study  was  funded  in  part  by  NASA/JPL 
contract  #  958039. 


2073 


A  HYBRID  SYSTEM  OF  DATA  ANALYSIS  FOR  IMAGING 

SPECTROMETRY 


Don  Jayasinghe  and  John  Miller 
Institute  for  Space  and  Terrestricd  Science 
4850  Keele  Street, 

North  York,  Ontario, 

Canada.  M3J  2K1 
(416)  665  -  5406 


Abstract 


Thi«  paper  describei  an  efRcient  method  of  image  analysis  suitable  for  imaging  spectrometry.  The  method 
described  is  composed  of  most  of  the  important  image  analysis  techniques.  It  is  divided  into  three  stages 
through  which  data  flows  in  analysis  procedure.  The  stages  talcen  in  order  are:  statistical  pattern  recognition, 
structural  pattern  recognition  and  artificial  intelligence.  The  efliciency  of  such  an  system,  comprising  of 
several  stages  lies  in  the  fact  that  what  one  stage  fails  to  accomplish  is  completed  by  another. 


INTRODUCTION 


Remote  sensing  technology  has  made  great  ad¬ 
vances  in  recent  years  with  the  pioneering  work 
of  Goetz  et.al.  (1981),  Collins  et.al.(1983),  Mil- 
ton  et.al.  (1983)  and  HoUinger  et.al.  (1987),  lead¬ 
ing  to  the  development  of  Airborne  Imaging  Spec¬ 
trometer  (AIS)  in  USA  and  Fluorescence  Line  Im¬ 
ager  (PLI)  in  Canada.  The  necessity  for  such  in¬ 
struments  became  evident  when  it  was  discovered 
that  utilization  of  high-spectral  resolution  radiome- 
tery  offered  the  potential  to  directly  identify  sur¬ 
face  mineral,  detect  vegetation  stress  induced  by 
sub-surface  minerals  or  observe  in  detail  ocean  pro¬ 
cesses.  PLI  was  developed  at  Moniteq  (Canada) 

Ltd.  with  the  funding  from  The  Department  of 
Oceans  and  Fisheries,  Ottawa,  Ontario,  Canada. 
This  imaging  spectrometer  operates  in  two  modes, 
spectral  and  spatial.  In  'spectral  mode'  the  device 
operates  as  40  spectrometers,  each  with  a  resolution 
of  2.5  nm.  In  this  mode  it  can  also  be  thought  of 
as  a  low  spatial  resolution,  40  element  push  broom 
scanner  with  288  spectral  bands.  The  location  and 
with  of  the  footprint  of  each  spectrometer  can  be  se¬ 
lected  with  the  algorithm  that  forms  spectral  bands 


in  spatial  mode.  In  practice  FLI's  field  of  view  and 
covers  the  ground,  like  the  lines  on  a  garden  rake. 
This  mode  therefore  sometimes  refered  to  as  a  'rake 
spect,  ometer’.  In  'spatial  mode’  the  spatial  resolu¬ 
tion  is  high  (0.7  mrad)  providing  8  channel  imagery 
in  a  manner  similar  to  other  airborne  sensors  but 
providing  programmability  in  the  selection  of  the 
bandwidth  down  to  2.5  nm  and  spectral  position 
to  anywhere  in  the  spectral  range  430  nm  to  805 
nm. 

Since  the  development  of  AIS  and  PLI,  severed 
other  improved  imaging  spectrometers  have  been 
designed  such  as  Airborne  Visible  and  Infrared  Imag¬ 
ing  Spectrometer  (AVIRIS),  which  is  an  improved 
version  of  AIS,  and  accommodates  the  visible  and 
infrared  region  of  the  spectrum.  It  has  the  spectral 
resolution  of  224  chanels  of  each  20  nm  wide  and 
550  pixels  per  each  swath  width.  These  imaging 
spectrometers  (AIS,  FLI,AVIRIS)  produce  a  large 
volume  of  data  per  each  flight  line.  The  acquisition 
of  this  high  volume  of  data  poses  a  strain  on  con¬ 
ventional  methods  of  image  processing  procedures. 


2074 


Conventional  image  analysis  methods  such  as 
maximum  likelihood  classifier  or  cluster  analysis 
would  take  an  enormous  amount  of  computing  time 
to  process  1000  lines  (i.e.  1000  x  40  x  288  x  2  bytes) 
of  FLI  data  or  about  (1000  x  550  x  224  bytes  )  five 
times  more  of  AVIRIS  data.  It  would  not  be  very 
efficient  to  use  statistical  methods  of  image  classi¬ 
fication  using  all  the  available  spectral  channels  of 
data.  Statistical  classifications  focus  on  the  largest 
spectral  differences  between  features  as  the  basis  of 
delineation.  The  spectral  channels  that  will  give 
the  largest  variations  could  be  selected  with  a  pri¬ 
ori  knowledge  of  the  features  in  the  scene.  This 
method  of  selection  of  a  few  channels  for  statistical 
classification  greatly  reduces  the  computing  time. 

This  paper  outlines  a  methodology  that  would 
ease  the  burden  on  computer  processing  in  classify¬ 
ing  imaging  spectrometer  data.  The  main  objective 
of  this  method  is  to  employ  all  the  available  im¬ 
age  processing  techniques  effectively  and  efficiently 
in  extracting  the  maximum  amount  of  information 
from  imaging  spectrometery.  The  final  result  one 
would  expect  from  analysis  of  remotely  sensed  data 
is  a  correctly  classified  thematiC  r'ap.  This  could 
be  achieved  by  using  the  method  discussed  in  the 
present  work.  This  method  is  named  Hybrid  Im¬ 
age  Analysis  System,  since  it  is  a  hybrid  of  all  the 
available  important  image  analysis  methods.  Fig.l, 
shows  the  data  flow  in  hybrid  system.  The  Hybrid 
Image  Analysis  System  is  composed  of  three  major 
components: 

1.  statistical  pattern  recognition  methods, 

2.  structural  pattern  recognition  methods, 

3.  artificied  intelligence  techniques. 
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Figure  1:  Data  flow  in  a  Hybrid  Image  Processing  System 


STATISTICAL  PATTERN  RECOGNITION 


Statistical  pattern  recognition  methods  are  based 
on  statistical  decision  theory,  very  othern  Baye’s 
decision  theory,  and  these  methods  of  image  delin¬ 
eation  enable  to  establish  the  boundaries  between 
classes  or  features.  The  imaging  spectrometer  data 
used  this  study  comes  from  FLI  imagery  taken  over 
Deep  River  area  in  1987.  Owing  to  differences  in 
the  responcivity  of  5  CCD’s  used  in  imaging,  the 
camera  boundaries  are  visible  in  the  image.  These 
are  eliminated  by  uniformity  correction  to  a  cer¬ 
tain  extend  by  not  entirely.  The  camera  bound¬ 
aries  could  be  eliminated  by  a  histogram  equciliza- 
tion  procedure  for  each  camera  region  separately, 
this  method  could  only  be  applied  when  features 
covered  in  all  five  cameras  are  almost  identical. 

It  has  been  shown  by  Haralick  (1978),  Rosen- 
feld  and  Kak  (1976)  and  Bernstein  (1978)  that  in¬ 
corporation  of  relative  terrain  models  and  textural 
analysis  improves  the  classification  in  multispectral 
imagery.  In  order  to  reduce  the  dimensionality  of 
FLI  (288  channels)  8  channels  have  been  chosen, 
which  show  maximum  variation  for  the  features 
sought  in  the  scene.  These  8  spectral  channels  of 
FLI  data,  along  with  textural  analysis  of  550  nm 
channel  with  ranked  elivation  map  of  the  area,  is 
subjected  to  supervised  maximum  likelihood  clas¬ 
sification.  This  classification  is  carried  out  with 
the  use  of  PCI  EASI/PACE  software  installed  in  a 
Micro- Vax  computer  running  on  a  VMS  operating 
system. 

The  thematic  map  produced  from  the  classifica¬ 
tion  along  with  the  original  288  channels  are  tran- 
fered  to  SUN  3/60  computer  running  on  a  UNIX 
operating  system  for  further  analysis  of  spectral 
signatures  fo  te  features  delineated  by  statistical 
means. 

STRUCTURAL  PATTERN  RECOGNITION 


Structural  pattern  recognition  can  be  further  sub. 
divided  into  three  groups; 

1.  syntectic 

2.  structural  prototype 

3.  relaxation. 
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In  the  present  work  only  the  structural  proto¬ 
type  will  be  discussed.  Structural  pattern  recog¬ 
nition  methods  are  important  mainly  because  they 
use  the  full  compliment  of  spectral  signatures  to 
determine  the  differences  between  the  pixels  in  the 
image.  This  is  accomplished  in  the  present  work 
with  the  use  of  Spectreil  Analysis  Manager  (SPAM), 
a  software  package  developed  at  the  Jet  Propulsion 
Laboratory  of  California,  USA  (Mazer,1988).  Here, 
each  spectral  signature  is  binary  encoded  to  reduce 
the  computational  complexities  encountered  in  us¬ 
ing  288  spectral  channels.  A  classification  criteria 
based  on  Hamming  distance  (Viterbi  and  Omura 
(1979))  has  been  employed  in  delineating  the  fea¬ 
tures. 

The  Hamming  distance  is  a  sum  of  bit-wise  exclusive- 
OR  operation,  and  it  is  very  rarely  that  a  perfect 
match  docs  occur,  as  an  allowance  for  natural  vari¬ 
ability,  a  specific  threshold  distance  of  acceptance 
have  been  devised. 

ARTIFICIAL  INTELLIGENCE 

Artificial  intelligence  has  come  to  existence  as  a 
method  of  problem  solving  with  the  use  of  computer 
and  logical  reasoning  has  also  been  built  into  it  to 
assist  in  logical  deduction.  Programs  have  been  de¬ 
veloped  to  take  discrete  data  structures  and  ’prove’ 
assertions  as  formulas  do  in  mathematical  logic. 
Artificial  intelligence  is  hybridized  with  structural 
pattern  recognition  methods  as  they  exhibit  func¬ 
tional  similarities.  The  main  difference  oetween  ar¬ 
tificial  intelligence  and  structural  pattern  recogni¬ 
tion  is  that  the  latter  recognizes  patterns  by  match¬ 
ing  its  parts  or  the  whole  pattern  to  another  while 
te  former  recognizes  a  pattern  by  logical  reasoning. 
Artificial  intelligence  methods  could  be  subdivided 
into  formal  logic,  production  system  and  simantic 
networks  but  this  paper  will  discuss  only  the  pro¬ 
duction  system. 

The  Production  system  consists  of  three  parts: 

1.  rule  base, 

2.  context, 

3.  interpreter, 

which  controls  the  activity  of  the  system.  Here, 
all  the  knowledge  about  a  spectral  signature  is  cap¬ 
tured  in  a  series  of  IF-THEN  rules, 


e.g. 

IF  {IR  -  G)/{JR  +  G)  >  tkresholdleuel 
THEN  (conclude  it  is  a  plant) 

IR  -  infra-red  channel 
G  -  green  channel 

Examples  of  these  rules  are  shown  in  Table  1. 
These  rules  allow  certain  conventions.  The  two 
types  premise  clauses  used  are;  IFSOME  and  IFALL 

The  ’IFSOME’  type  represents  a  Boolean  ’OR’ 
while  the  ’IFALL’  is  equivalent  to  a  Boolean  ’AND’. 
If  any  clause  following  an  ’IFSOME’  specification 
is  true  then  the  action  (THEN)  clause  will  also  be 
true.  The  ’IFALL’  type  requires  all  precises  to  be 
true  if  truth  is  to  be  assigned  to  the  action  clause. 

Each  parameter  used  in  this  production  system 
is  allowed  a  certain  degree  of  freedom  to  fluctuate 
by  specifying  the  threshold  limits  based  on  obser¬ 
vations. 

The  ’context’  in  the  present  analysis  is  the  spec¬ 
tral  signature  or  the  string  of  reflectance  values 
which  have  been  subjected  to  analysis.  The  seg¬ 
ments  of  this  spectral  signature  upon  which  the 
production  rules  are  constructed  have  to  be  present 
for  successful  completion  of  the  production  system 
(Vron  and  Feigboum,  1981). 

In  rule  ’interpreter’  the  basic  control  stratergy 
for  rule  interpretion  is  a  hypothesis  driven  back¬ 
ward  chaining  search.  The  rules  are  verified  or  dis¬ 
proved  by  chrdning  backward  to  the  initial  data.  All 
rules  are  applied  to  each  spectEil  signature  obtained 
from  a  particular  feature  to  determine  the  homoge- 
niety  of  the  feature.  The  pixels  that  have  been 
found  to  deviate  within  the  allowable  threshold  lim¬ 
its  for  that  feature,  then  such  pixels  are  categorized 
as  subclass. 

TABLE  1. 

Rule  1. 


RDB  =  wavelength  values  in  data  base 
RMS  =  wavelength  values  for  a  given  sample 
r  =  wavelength  r 

IFALL  (RDB(r)  =  RMS(r)) 

THEN  try  rules  (2,3,4) 
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Rule  2. 

wavelengths  =  400,500,700  nm 

IFSOME  (ilMS(500)-  i?MS(700))/ 

(RMS(500)+RMS(700))  >  20%RMS(400-  > 

500)  >  6% 

GradientRMS  >  IQdegrees 
THEN  try  rules  (5,6,7) 


Rule  3. 

IFALL  RMS  (400  -  500)>6% 

THEN  try  rules  (8,9,10) 

Rule  4. 

IFALL  RMS(400-500)>20% 

THEN  try  rules  (11,12,13) 

There  are  a  series  of  such  rules  which  would  be 
tested  for  each  pixel  to  allocate  it  to  one  of  the 
four  main  features,  such  as  man  made  substances, 
water  ,  vegetative  material  and  rock  or  soil.  Once, 
a  spectral  signature  is  assigned  to  one  of  the  major 
classes,  more  rules  are  tested  in  order  to  allocate  it 
into  particular  subclass. 

DISCUSSION 

The  hybrid  system  described  in  ||||^  paper  for 
computer  analysis  of  imaging  spectromeier  data  us¬ 
ing  statistical  pattern  recognition,  structural  pat¬ 
tern  recognition  and  artificial  intelligence  methods 
is  radically  different  to  conventional  methods  of  im¬ 
age  analysis.  Efficiency  in  this  system  lies  in  the 
way  the  three  types  of  data  processing  techniques 
are  finked  together.  If  only  a  single  technique  is 
used  in  classifying  the  whole  image  it  would  take  a 
greater  time  to  complete  the  analysis  than  all  three 
methods  combined  in  the  way  discussed  in  this  pa¬ 
per. 

In  statistical  analysis  of  multispectral  images, 
eeich  feature  is  classified  according  to  its  behavior 
in  spectral  space,  but  it  fails  to  consider  the  rda- 
tionship  between  one  spectral  point  toanothcr.  The 
structural  pattern  recognition  and  artificial  intelli¬ 
gence  methods  on  the  other  hand  take  into  account 
the  variations  or  trends  in  the  whole  spectral  signa¬ 
ture.  Thus  making  them  more  suitable  in  detecting 
finer  changes  in  features  such  as  stress  conditions 
in  plants. 
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Abstract/Resume 

Imaging  Spectroni  :ters  have  the  capability  to  collect  both  high 
spatial  and  high  spectral  resolution  imagery  at  the  focal  plane,  but 
then  must  trade  off  spatial  against  spectral  resolution  to  reduce  the 
data  rate  for  digitizing  and  recording.  Often  data  is  collected  in  two 
modes  which  compliment  one  another  during  image  analysis.  Spatial 
mode  provides  the  highest  spatial  resolution  but  has  reduced  spectral 
resolution  while  Spectral  mode  gives  high  spectral  and  low  spatial 
resolutions.  Although  the  imagery  from  the  two  modes  can  be 
analyzed  as  independent  data  sets,  a  much  more  effective  metho¬ 
dology  is  describe  which  unifies  them  into  a  single  representation  of 
the  original  spectral  radiance  field. 

The  methods  described  are  applicable  to  most  of  the  current 
or  planned  imaging  spectrometers.  Simulation  results  are  shown  to 
demonstrate  the  efficacy  of  the  method.  The  conclusions  include  a 
discussion  of  how  the  design  of  imaging  spectrometers  could  be 
affected. 

Keywords;  Imaging  Spectrometer,  sampling,  reconstruction, 
image  sharpening,  Fluorescence  Line  Imager. 

Introduction 

In  the  1990's  the  spacebome  imaging  spectrometers  will 
become  operational  and  the  number  of  specu-al  bands  that  are  avail¬ 
able  to  the  satellite  data  user  will  increase  by  over  an  order  of  magni- 
nide  from  what  is  currently  available.  The  list  of  known  and  planned 
imaging  spectrometers  include  HIRIS,  HRIS,  MODIS,  MERIS, 
AVIRIS,  ROSIS,  AIS  and  FLI.  Imaging  spectrometers  are  nearly 
"ideal  sensors”  ticcause  they  have  high  resolution  in  all  domains; 
high  spatial  resolution,  high  spectral  resolution  and  high  radiometric 
resolution.  The  problem  now  becomes  what  to  do  with  all  this  data. 
The  potential  data  rate  from  an  imaging  spectrometer  is  horrific.  For 
example  the  NASA  imaging  spectrometer  HIRIS  due  for  launch  in 
1995  is  capable  for  generating  500  Mbits/s  of  data,  which  in  more 
understandable  terms  is  38,571  9-track  CCTs  per  day  (recorded  at 
6250  hpi)  of  operation.  Currently  it  is  not  technologically  practical  to 
continuously  digitize,  transmit  and  record  at  500  Mbit/s  data  rates, 
even  if  all  the  data  was  desired. 

Aii  of  the  above  imaging  specuomeicrs  can  produce  data  at  a 
rate  between  50  and  500  Mbits/s.  It  is  likely  that  only  subsets  of  the 
data  from  these  imaging  spectrographs  will  be  downlinked  to  the 
receiving  stations  or  recorded.  Colvocoresses  (1977)  and 
Schowengerdt  (1980)  suggested  that  perhaps  a  mixture  of  critically 
placed  low  spatial  resolution  narrow  spectral  bands  and  a  single  high 
spatial  resolution  band  may  be  the  optimal  way  to  reduce  the  data 
rates  with  minimal  information  loss. 

The  strong  correlations  which  will  occur  between  spectral 


bands  and  adjacent  pixels  can  be  exploited  to  reduce  the  volume  of 
data.  This  can  be  accomplished  with  imaging  spectrometer  data  by 
averaging  spectrally  into  spectral  bands  with  full  spatial  resolution 
and  simultaneously  averaging  spatially  into  larger  pixels  with  full 
spectral  re.solution.  Two  distinct  representations  of  the  spectral  radi¬ 
ance  field  result,  each  containing  some  unique  information.  These 
two  data  sets  are  useful  in  their  own  right,  but  combining  them 
provides  a  more  complete  description  of  the  original  spectral 
radiance. 

This  paper  proposes  methods  by  which  to  average  and 
sample  the  imaging  elements  of  an  imaging  spectrometer  in  a  manner 
which  best  facilitates  reconstruction  of  the  original  radiance  field. 

Image  Sharpening 

A  number  of  researchers  have  considered  the  problem  of  how 
to  use  information  from  and  high  spatial  resolution  band  to  sharpen 
the  edges  in  other  lower  resolution  bands.  The  idea  of  combining  the 
data  firom  one  spectral  channel  to  sharpen  the  edges  in  a  second  spec¬ 
tral  channel  was  first  suggested  by  Colvocoresses  (1977)  and  first 
implemented  when  Schowengerdt  presented  his  technique  for 
restoring  the  high  spatial  frequency  information  to  Landsat  MSc 
imagery  (Schowengerdt,  1980). 

In  1980  Roller  and  Cox  studied  the  possibility  of  improving 
classification  accuracies  and  the  interpretability  of  Landsat 
Multispectral  Scanner  (MSS)  imagery  by  increasing  its  spatial  resolu¬ 
tion  using  Return  Beam  Vidicon  (RBV)  imagery  (Roller  and  Cox, 
1980).  Hallada  and  Cox  compared  the  methods  of  Schowengerdt 
and  of  Roller  and  Cox  (Hallada  and  Cox,1983)  using  data  from  an 
airborne  Daedalus  1260  multispectral  line  scanner.  Hallada  and  Cox 
note  that  the  combination  of  muted  spatial  and  spectral  resolutions  is 
very  adaptable  to  the  concept  of  imaging  spectrometers.  They  state 
"On-board  data  compression  would  be  a  simple  matter  of  integrating 
the  signals  across  detectors  in  the  spatial  and/or  spectral  domains". 

Simard  was  first  to  propose  that  the  SPOT  20  m  multispectral 
data  could  be  sharpened  by  using  the  10  m  panchromatic  band  to 
modulate  the  brightness  (Simard,1982).  Cliche  et  al.  describe  algo¬ 
rithms  for  integrating  the  SPOT  panchromatic  band  with  the  multi¬ 
spectral  bands  to  improve  image  sharpness  to  yield  results 
resembling  colour  infrared  photography  (Cliche,  1985). 

Tom  and  Carlotto  presented  a  Least  Mean  Squares  (LMS) 
approach  to  edge  sharpening  (Tom,  1984).  It  relies  on  the  fact  "that 
at  sufficiently  small  resolution  multispectral  bands  are  correlated",  so 
if  the  digital  levels  of  the  any  two  bands  are  plotted  against  each  other 
in  a  scatterplot  then  all  the  data  will  fall  approximately  along  an 
straight  line  Any  panicular  spectral  band  will  generally  not  be 
globally  correlate  with  the  reference  band  (or  bands),  so  the  regres¬ 
sions  are  performed  adaptively  within  a  sliding  window  which 
moves  across  the  image. 
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Sampling  Theory  for  Imaging  Spectrometers 
Often  when  analyzing  multispectral  scanner  data  the  analogy 
of  image  planes  stacked  on  top  of  one  another,  but  distinctly  separ¬ 
ated  in  space,  is  used  to  visualize  the  spatial  and  spectral  relationships 
between  the  specu'al  bands.  When  using  imaging  spectrometer  data 
we  should  refrain  from  thinking  of  2-D  sampling  in  distinct  spectral 
bands  but  rather  as  sampling  from  a  3-D  dimensional  space  where 
two  dimensions  are  spatial  dimensions  and  the  third  is  spectral 
(Figure  1). 


Sampling  with  an  Imaging  Spectrometer 


Figure  1.  Sampling  the  radiance  distribution  with  an  Imaging 
Spectrometer  in  3-Dimensional  space. 


The  image  forming  process  can  be  thought  of  as  a  large 
square  which  is  as  wide  as  the  sensor's  swath  and  as  tall  as  the  spec¬ 
tral  range.  As  the  sensor's  platform  moves  forward  the  square 
extrudes  to  become  a  parallelepiped  which  is  as  long  as  the  flight¬ 
line.  Partition  the  parallelepiped  into  tiny  cubes  by  dividing  the  width 
into  the  number  of  pbtels  per  line,  the  height  into  the  number  of  spec¬ 
tral  elements  and  the  length  along  track  into  the  number  of  image 
lines.  Contained  within  each  cube  is  the  specoial  radiance  from  that 
small  area  of  the  scene.  The  imaging  spectrometer's  CCD  array  can 
be  thought  of  as  imposing  just  such  a  grid  on  the  radiance  distribu¬ 
tion.  Further,  it  will  integrate  the  spectral  radiance  over  the  volume 
of  each  cube  and  quantize  it  to  a  radiometrically  scaleable  value. 

The  model  presented  here  extends  the  concept  of  sampling 
into  the  spectral  dimension  and  so  what  used  to  be  spatial  sampling  in 
various  spectral  bands  becomes  spectral/spatial  sampling.  In  the 
Fourier  domain  the  distinction  between  the  two  modes  of  operation  is 
well  defined  and  may  be  clearly  explained,  but  first  the  usage  of 
some  terms  needs  to  be  clarified. 

Definition  of  Spatial  and  Spectral  Modes 

The  terms  spatial  and  spectral  modes  will  be  used  to  describe 
two  generic  methods  of  reducing  the  vast  volume  of  data  that  is 
generated  by  an  imaging  spectrometer  rather  than  to  any  specific 
sampling  strategy.  Spatial  mode  will  refer  to  data  which  is  recorded 
with  the  full  spatial  resolution  of  the  spectrometer,  but  is  averaged 
spectrally  to  a  reduced  spectral  resolution.  Conversely,  the  spectral 
mode  data  is  recorded  with  full  special  resolution  and  is  averaged 
spatially.  Conceptually,  it  is  also  a  vast  simplification  to  neglect  the 
along-track  spatial  dimension  and  consider  a  two-dimensional  space 
which  includes  only  the  across  track  spatial  and  the  spectral  dimen¬ 
sions.  In  practice  the  along-track  spatial  resolution  will  likely  be 
different  in  the  two  modes  but  including  the  extra  dimension  in  the 
following  discussion  is  an  unnecessary  complication. 

As  a  specific  example.  Figures  2(a)  &  2(b)  show  how  the  the 
Fluorescence  Line  Imager  (FLI)  defines  spatial  and  spectral  modes. 


(a) 


(b) 


Figure  2.  Band  definitions  for  spectral  and  spatial  modes  for  the  FLI 


The  rectangle  represents  the  2-D  CCD  array  (288  x  385  elements) 
sitting  in  the  focal  plane  measuring  the  entire  spectrum  of  a  single 
image  line.  The  gray  bands  cover  the  groupings  of  elements  that  are 
summed  into  either  spectral  bands  (Figure  2(a))  with  full  spatial  reso¬ 
lution  or  into  large  pixels  with  full  spectral  resolution.(Figure  2(b)). 

Fourier  Domain  Representation 

By  viewing  how  the  data  overlays  the  Fourier  frequency 
space  it  is  much  easier  to  visualize  how  the  two  data  sets  can  be 
combined  in  the  regular  domain  and  it  elegantly  demonstrates  what 
information  the  combination  data  set  can  and  cannot  contain. 
Consider  the  discrete  2-dimensional  Fourier  Transform  of  the  2-D 
signal  measured  by  an  imaging  spectrometer  for  a  single  image  line. 
The  name  given  to  the  Fourier  spectrum  of  the  spectral  signal  will  be 
the  spectral  frequency  spectrum  and  is  analogous  to  the  Fourier 
spatial  frequency  spectrum.  In  reference  to  the  sampled  radiance 
distribution,  the  amplitude  of  the  spectral  frequency  spectrum  will 
give  the  weighting  required  to  reconstruct  the  spectral  signal,  at  any 
given  pixel  location,  by  using  a  linear  combination  of  sinusoids. 

The  spatial  mode  data  has  high  spatial  resolution  and  low 
spectral  resolution  and  so  represents  full  coverage  of  the  spatial 
frequency  spectrum  but  only  covers  the  lower  range  of  spectral 
frequencies  (See  Figure  3,  "Spatial").  The  spectral  mode  data  is  the 
converse  with  high  spectral  resolution  and  low  spatial  resolution,  so 


Fourier  Domain  Representation 
of  Spatiai  and  Spectrai  Modes 

I^Spatial 
j^Spectral 
I^Overlap 
QNo  Data 


Spatial  Frequency  v 


Figure  3.  The  Fourier  domain  representation  of  Spectral  and  Spatial 
modes.  This  shows  sampling  as  the  2D  Discrete  Fourier 
Transfoim  of  the  CCD  array. 
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it  covers  the  full  spectral  frequency  spectrum  but  only  the  lower 
range  of  spatial  frequencies  (Figure  3,  "Spectral").  As  is  evident  in 
Figure  3,  overlaying  the  two  spatial/spectral  frequency  spectrum 
plots  results  in  two  regions  which  are  uniquely  sampled  by  the  indi¬ 
vidual  modes,  a  region  that  is  sampled  by  both  modes  and  a  region 
that  is  not  sampled  at  all.  The  region  which  is  labeled  overlap  repre¬ 
sents  the  low  spatial  and  low  spectral  resolution  image  that  could  be 
formed  either  by  averaging  the  spatial  data  in  the  spectral  direction  or 
the  spectral  data  in  the  spatial  direction.  Thus  the  overlap  region 
represents  truly  redundant  data.  The  area  labeled  no  data  represents 
the  portion  of  the  signal  that  contains  high  frequency  both  spatially 
and  spectrally.  An  example  of  this  might  be  a  fluorescence  signal 
which  appears  in  only  a  single  pbtel. 

Signal  Reconstruction 

The  ideal  reconstruction  filter  will  pass  the  areas  of  unique 
sampling  with  a  weighting  of  unity,  the  redundant  area  will  be  an 
average  of  the  two  data  sets  and  the  area  of  no  coverage  would  have 
zero  weighting.  Two  points  ate  particularly  important  to  keep  firmly 
in  mind.  First,  there  two  data  sets  and  so  two  interpolators  are 
required  because  the  sample  spacings  and  sampling  apertures  are 
different.  Second,  the  area  of  no-data  represents  an  area  which  will 
contain  unresolvable  signal  that  will  be  entirely  lost  and  cannot  be 
recovered  from  the  spectral,  spatial  or  combined  data  sets.  If  this 
type  of  signal  is  present  in  the  original  radiance  distribution  it  will  be 
tdiased  in  the  reconstruction. 

The  algorithm  used  to  reconstructed  the  signal  is  as  follows: 

1 .  Extract  the  redundant  information  from  both  the  spectral  and 
spatial  data  by  lowpass  filtering. 

2.  Subtract  the  spectral  lowpass  output  from  the  original  spectral 
data  to  get  the  low  spatial  frequency,  high  spectral  frequency 
ponion  of  the  signal. 

3.  Subtract  the  spatial  lowpass  output  from  the  original  spatial  data 
to  get  the  low  spectral  fiequcncy,  high  spatial  frequency  portion 
of  the  signal. 

4.  Average  the  spectral  and  spatial  lowpass  outputs. 

5 .  Sum  the  results  from  steps  2, 3  &  4  with  equal  weights. 

Simulation 

A  simulation  using  a  spreadsheet  program  on  a  microcom¬ 
puter  was  done  to  test  the  method  explained  above  for  integrating  the 
spectral  and  spatial  modes.  To  avoid  dealing  with  any  other  charac¬ 
teristics  of  the  sensor  the  simulation  begins  by  generating  the  2-D 
signal  on  the  CCD  array  of  a  imaging  spectrometer.  The  results  are 
judged  by  how  accurately  they  predict  the  digital  level  of  each  CCD 
element  using  only  the  values  derived  from  perfonxting  spectral  and 
spatial  mode  sampling  on  the  simulated  data.  An  array  of  25  x  25 
elements  was  used  which  were  considered  to  produce  25  x  2  samples 
in  either  sampling  mode.  The  horizontal  dimension  will  be  called  X 
and  the  vertical  dimension  Y. 

There  are  essentially  three  signal  categories  that  need  to  be 
simulated.  The  first  has  all  its  energy  within  the  area  of  overlap  in 
Figure  3,  is  collected  by  in  both  modes,  and  should  be  the  easiest  to 
reconstruct.  The  signal  must  have  frequencies  no  higher  that  1  cycle/ 
25  elements  either  spectrally  or  spatially.  A  signal  which  is  uniform 
in  one  dimension  (Y)  and  triangular  shaped  in  the  other  (X)  was 
used.  The  second  comprises  signals  with  either  high  spectral  or  high 
spatial  frequency,  but  not  both.  The  spatial  frequencies  must  be  less 
than  1  cycle/25  elements  in  one  dimension  and  up  to  1  cycle/2 
elements  in  the  other.  The  same  signal  as  above  was  used  except 
high  digital  level  was  inserted  into  a  single  column  (all  of  Y).  Third 
is  the  high  spectral  and  high  spatial  frequency  signal  which  not 
resolved  by  either  mode.  This  will  be  any  signal  that  has  greater  than 
1  cycle/25  elements  in  both  dimensions  simultaneously.  A  uniform 
zero  signal  is  used  throughout  the  2-D  array  with  the  e.xception  of  a 
single  high  digital  level. 

The  results  of  the  first  test  are  shown  in  Figure  4  as  a 
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Figure  4.  Simulation  results  from  test  case  1  with  only  low  spectral 
and  low  spatial  frequencies  present  in  the  signal. 

comparison  of  the  original  signal  to  the  reconstructed  signal  for  one 
row  of  the  array.  The  slope  of  the  signal  on  both  sides  of  the  peak  is 
slightly  different,  although  the  peak  is  accurately  located.  This  is  due 
to  the  averaging  of  the  lowpass  information  in  step  4  of  the  algo¬ 
rithm.  The  low-spectral/low-spatial  frequencies  are  accurately 
predicted. 

The  second  test  results  ate  shown  in  the  same  manner  in 
Figure  5.  Again  there  is  a  difference  in  the  slopes  of  the  triangular 
shape  ponion  of  the  signal  and  there  is  a  difference  in  amplitude 
between  the  original  and  the  reconstructed  spikes,  but  the  position  of 
the  triangle  peak  and  spike  are  accurate. 
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Figure  5.  Simluation  results  for  test  case  2  with  combine  high  and 
low  frequencies. 


Finally,  results  from  the  third  test  are  shown  in  Figure  6  as  a 
perspective  plot  of  the  entire  reconstructed  2D  array.  This  demon¬ 
strates  the  aliasing  that  will  occur  when  the  original  signal  contains 
Fourier  frequencies  which  have  not  been  sampled.  This  high- 
spcctral/high-spatial-frequency  signal  has  been  aliased  to  both  the 
high-spectral/low-spatial  frequencies  and  the  low-spectral/high- 
spatial  frequencies  and  results  in  the  cross  pattern  rather  than  the 
single  spike.  The  original  spike  has  an  amplitude  of  100  units  and 
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3D  Perspective  plot  of 
Reconstructed  Signal 


Figure  6.  Simulation  results  from  test  case  3  with  tx>th  high  spectral 
and  high  spatial  frequencies  present  in  the  signal. 

was  localized  to  the  single  array  element  at  the  center  of  the  cross 
pattern  of  Figure  6.  Other  smaller  fluctuations  are  present  in  the 
remaining  elements  although  they  are  not  readily  seen. 

Discussion 

The  spectral  and  spatial  modes  are  mutually  exclusive  in  the 
FLI  and  so  must  be  collected  on  separate  overpasses.  Changes  in  the 
radiance  distribution  between  the  overpasses  will  affect  the  quality  of 
the  reconstruction  and  to  combine  them  requires  precision  geometric 
collection  (Buxton,  1988).  For  this  method  to  be  property  exploited 
then  the  spectral  and  spatial  modes  should  be  averaged  from  the  same 
array  of  values  so  that  they  ate  inherently  registered. 

Although  the  information  in  the  imagery  is  iimited  according 
to  sampling  and  information  theory,  other  sources  of  information  can 
be  exploited.  Often  the  form  of  a  spectral  reflectance  curve  is  well- 
known  a  priori  and  the  imagery  samples  only  serve  to  make  subtle 
refmements.  This  is  a  form  of  interpolation  which  relaxes  the  condi¬ 
tions  on  the  sampling  strategy  necessary  to  achieve  accurate  recon¬ 
struction.  Samples  can  be  placed  at  critical  wavelengths  to  make  the 
best  use  of  the  total  data  rate  for  acquiring  new  information.  This  is 
the  standard  technique  used  to  select  spectral  bands,  but  put  into  the 
new  context  of  signal  reconstruction  ftom  imaging  spectrometer  data. 
This  method  cannot  generally  be  used  on  the  spatial  samples,  since 
the  correlations  tend  to  be  pre^ctable  locally,  but  not  globally,  so  no 
reliable  model  for  interpolation  other  than  from  the  samples  will 
exist. 

An  important  consideration  when  using  this  reconstruction 
technique  is  how  much  of  the  signal  is  iost  irretrievably  through  aver¬ 
aging  the  CCD  elements  to  produce  the  spectral  and  spatial  modes. 
This  could  be  computed  from  the  full  CCD  array  and  expressed  by 
the  information  density  function  which  would  give  a  accurate  quantit¬ 
ative  estimate  of  the  size  of  the  error  expected  in  the  reconstructed 
image  data  (Huck,  1985). 

Conclusions 

Reconstructing  the  full  spatial  and  spectral  resolution  is  not 
possible  in  the  most  rigorous  sense.  However,  it  is  possible  to 
combined  the  data  from  both  spatial  and  spectral  modes  into  a  single 
integrated  data  set  which  may  be  easier  to  interpret.  The  low-spatial 
and  low-spectral  frequencies  will  be  faithfully  represented  in  the 
reconstruction.  The  iow-spatial/high-spectral  or  high-spatial/low- 
spectral  frequencies  will  be  reconstructed  with  good  results  but 
aliasing  from  the  high-spectral/high-spatial  frequencies  can  occur.  If 
high-spectral/high-spatial  frequencies  are  present  in  the  signal  they 


will  be  aliased. 

This  reconstruction  method  will  give  good  results  if  the 
energy  in  the  signal  in  the  high-spectral/high-spatial  frequencies  is  a 
small  fraction  of  the  total  power.  In  general  use,  the  reconstruction 
will  be  useful  if  an  error  estimate  can  be  predicted  from  the  power  in 
the  aliased  frequencies. 
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ABSTRACT 


As  more  and  more  remote  sensing  applications  are  found  requiring  high  spectral 
resolution,  there  is  a  need  for  a  small,  easy  to  use  instrument  designed  for 
experimental  projects.  The  Compact  Airborne  Spectrographic  Imager  (CASI)  is  a  newly 
developed  second  generation  imaging  spectrometer  for  use  in  small  aircraft  or  in  the 
laboratory.  The  CASI  operates  in  the  423-946nm  spectral  range,  with  288  spectral 
bands,  has  a  variable  field  of  view  depending  on  the  fore-optics,  12  bit  dynamic 
range  and  2.2  Gbyte  recording  capacity  on  digital  cassette  tape.  System  mass  is  55  Kg 
and  the  size  is  about  that  of  a  personal  computer.  Power  consumption  is  250  Watts  110 
Hz. 


The  system  has  a  real  time  display  of  one  spatial  (image)  band  and  one  spectral 
channel  and  an  interactive  menu  driven  control.  The  288  spectral  channels  are  co¬ 
registered  wit'  a  single  'trac)c  recovery  image'  which  allows  high  accuracy  in 
determining  th  •  ■ . iund  location  of  spectral  data.  This  paper  describes  the  user 
interface  during  d.ita  acquisition,  and  reviews  and  discusses  the  philosophy  of 
spectral  data  .'land/i.ig. 

Keywords:  digital  imagery,  spectrometer,  spectral,  spatial,  CASI 
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INTRODUCTION 

Canadian  experience  in  non-imaging 
spectral  resolution  remote  sensing  (eg.  Gower 
&  Neville  1977,  Gower  &  Borstad,  1981)  led  to 
the  development  of  one  of  the  first  imaging 
spectrographs,  the  Fluorescence  Line  Imager 
(FLI)  built  for  the  Canadian  Department  of 
Fisheries  and  Oceans  by  Moniteq  Ltd.  of 
Toronto  and  Itres  Research  Limited  of  Calgary 
(Borstad  et  al.,  1985).  The  FLI  has  been 
successfully  utilized  for  many  applications 
ranging  from  phytoplan)cton  surveys  in  the 
oceans  (Gower  et  al.,  1986)  to  imaging 
missions  over  forested  areas  (Roc)c  et  al., 
1988),  and  is  now  operated  commercially  by 
Moniteq  Ltd.  Building  upon  their 
considerable  experience  with  Charged  Coupled 
Device  (CCD)  imagers  (Anger  et  al.,  1987), 
and  on  Borstad  Associates  Ltd.  field 
experience  with  airborne  remote  sensing  and 
analysis  of  imaging  spectroscopy  data  from 
the  FLI,  Itres  Research  Limited  has  built  a 
second  generation  imaging  spectrometer  called 
the  Compact  Airborne  Spectrographic  Imager 
(CASI) . 

DESCRIPTION  OF  THE  COMPACT  AIRBORNE 
SPECTROGRAPHIC  IMAGER 

Like  other  pushbroom  sensors,  CASI  and 
other  imaging  spectrometers  view  their  target 
through  a  slit  and  build  up  an  image  via 
successive  readouts  as  the  aircraft  moves 
forward.  Unli)«e  other  sensors  which  use 
several  separate  sensors  or  linear  arrays, 
with  optical  filters  to  obtain  spectral 
bands,  the  CASI  utilizes  diffraction  gratings 
and  a  two-dimensional  Charged  Coupled  Device 
(CCD)  array.  The  CASI  uses  a  UT104  P9600  CCD 
Frame  Transfer  Array  manufactured  by  the 
English  Electric  Valve  Company  of  Chelmsford, 
England. 

The  array  is  illuminated  so  that  across- 
trac)c  spatial  information  falls  along  its 
long  dimension  while  spectral  Information 
registers  across  the  shorter  dimension 
providing  a  spectral  resolution  of  1.8nm  over 
the  spectral  range  of  423-946nm.  Of  the  612 
cross-trac){  array  elements,  578  are 
illuminated,  receiving  spatial  information 
emanating  from  the  target,  while  the 
remaining  elements  record  the  dar)i  signal  and 
other  diagnostic  data.  Table  1  summarizes 
the  CASI's  specifications. 

The  CASI  records  data  in  two 
fundamentally  different  fashions,  referred  to 
as  Imaging  Mode  and  Multi-Spectrometer  Mode. 
In  Imaging  Mode  the  CASI  acquires  spatial 
data  similar  to  other  pushbroom  imagers  with 
the  exception  that  the  spectral  band  widths, 
positions,  and  number  are  programmable.  The 
Imaging  Mode  data  is  translated  from  video 
tape  to  files  which  are  transferred  to  an 
image  processor  for  conventional  image 
processing. 

In  Multi-Spectrometer  Mode  each  of  the 
578  illuminated  along-trac)c  columns  of  the 
array  are  literally  separate  spectrometers. 
The  CASI  can  do  a  full  frame  itadout  but  this 
is  a  slow  process  due  to  array  read  time  and 
tape  write  time.  For  practical  airborne 
operations  the  CASI  limits  the  number  of 


spectral  columns  to  39.  The  viewing 
direction  along  the  swath  and  the  number  of 
spectrometers  can  be  selected  interactively 
by  the  operator. 

A  unique  feature  of  the  CASI  Multi- 
Spectrometer  Mode  is  a  co-registered 
monochromatic  spatial  image  acquired  at  the 
same  time  as  the  spectral  data.  This  image, 
termed  the  'trac)c  recovery  image',  is  a  high 
spatial  resolution  monochromatic  reference 
image  which  permits  the  spectral  data  to  be 
accurately  located  with  respect  to  targets  on 
the  ground  (Borstad  and  Hill,  1989) . 

INSTRUMENT  OPERATION 

Instrument  control  software  allows  the 
operator  to  set  up  the  instrument  by 
selecting  the  operating  mode,  band 
configuration,  and  integration  time  as  well 
as  view  the  incoming  data  in  real  time.  In 
Imaging  Mode  the  real-time  display  shows  a 
blac)c  and  white  or  colour  image  in  one  (user 
selectable)  band.  A  band  intensity  plot 
showing  the  maximum  and  minimum  data  value  of 
all  spectral  bands  for  each  scan  line  is  also 
displayed.  This  plot  allows  the  operator  to 
monitor  each  band  for  saturation.  If 
saturation  occurs  the  software  allows  the 
operator  to  change  integration  time  or  modify 
the  spectral  band  width.  In  Multi- 
Spectrometer  Mode  the  'trac)c  recovery  image' 
is  also  displayed  in  blacic  and  white  or 
colour.  Along  the  base  of  this  image  are 
tic)cs  which  indicate  the  positioning  of  the 
spectral  channels.  A  user  selected  spectral 
loo)c  direction  is  monitored  and  for  each 
scanline  a  spectrum  is  displayed.  This 
allows  preliminary  verification  of  the 
spectral  data  in-flight.  The  CASI  or  an  MS- 
DOS  PC-AT,  equipped  with  software  similar  to 
the  instrument  control  software,  can  be  used 
to  review  the  data  after  a  flight  with 
software  which  is  functionally  identical  to 
the  real-time  display. 

DATA  TRANSLATION  FROM  HDDT  TO  PC  DISK  FORMAT 

CASI  data  is  written  on  8mm  Video  Tape 
in  high  density  digital  format,  using  a 
Exabyte  Helical  scan  tape  drive  manufactured 
by  EXABYTE  Corporation,  Boulder,  Colorado. 
Each  tape  can  record  up  to  2.2  gigabytes  of 
data,  approximately  1  hour  recording  time. 
Data  is  translated  to  LOGSWG  format  using 
specialized  software  which  reads  the  Exabyte 
drive  and  writes  MS-DOS  files  on  hard  dis)c. 
At  present  single  band  files  are  written  out 
in  either  8  or  16  bit  format,  but  in  the 
future  we  intend  to  write  out  pixel 
interleaved  files. 

DATA  RATES 

A  major  disadvantage  of  imaging 
spectrometers  is  the  truly  massive  amounts  of 
data  they  produce.  The  CASI  has  a  12  bit 
dynamic  range  and  acquires  16  bits  of  data 
from  each  element  in  the  array,  a  feature 
which  allows  simultaneous  imaging  of  high 
reflectance  land  targets  as  well  as  dim 
targets  such  as  deep  water.  A  full  array 
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scan  will  generate  352  Kbytes  of  data  per 
scanline.  A  full  512  scene  in  this  mode  will 
generate  180  Mbytes  of  data.  Even  with  the 
power  of  high  speed  work  stations  available 
for  processing,  the  amounts  of  data  produced 
by  imaging  spectrometers  is  a  burden. 

ANALYSIS  OF  SPATIAL  DATA 

Imaging  Mode  data  from  the  CASI  can  be 
analyzed  in  a  conventional  manner  using 
generic  software  on  standard  image 
processors.  However  the  8  bit  precision 
available  on  most  image  processors  can  be  a 
severe  limitation.  In  our  previous  work  with 
the  Fluorescence  Line  Imager  (Borstad  et  al., 
1985),  we  had  to  write  our  own  16  bit 
software,  especially  for  use  with  low 
radiance  signals  such  as  fluorescence.  In 
this  early  stage  of  CASI  processing,  we  are 
presently  using  divisions  and  subtractions  to 
reduce  the  data  to  8  bit  for  display.  This 
process  is  not  satisfactory  for  arithmetic 
operations  and  we  are  beginning  to  write  our 
own  16  bit  operators. 

ANALYSIS  OF  SPECTRAL  DATA 

In  special  circumstances  the  CASI  can 
acquire  288  spectral  bands.  The  question 
arises  of  how  to  handle  multi-spectral 
classification  on  this  enormous  amount  of 
data.  One  answer  is  to  determine  the  amount 
of  spectral  redundancy  there  is  for  a 
particular  target  and  which  bands  best 
describe  its  spectral  signature.  The  high 
spectral  resolution  capability  of  the  Multi- 
Spectrometer  Mode  allows  one  to  examine  and 
analyze  the  spectral  signature  of  a  target. 
Analysis  of  this  spectral  signature  allows 
determination  of  optimum  spectral  bands  for 
use  in  acquiring  high  spatial  resolution 
data. 

In  order  to  avoid  congestion  on  our 
image  processor  and  to  allow  us  to  carry  out 
analysis  in  the  field,  we  have  developed 
specialized  software  that  allows  examination 
of  spectral  data  on  an  MS-DOS  AT  computer. 
This  software  performs  calibrations, 
arithmetic  manipulations,  eripcharts  of 
spectral  indices  (defined  as  bands  of  widths 
and  wavelengths  of  interest)  versus  time, 
plotting  of  scatterplots  and  histograms. 
Spectra  can  also  be  transported  to  and  from 
LOTUS  123  files  for  modelling  or 
manipulation. 

To  illustrate  the  use  of  the  CASI  we 
present  a  laboratory  exercise  that  was 
conducted  on  April  19,  1989.  This  example 
could  have  just  as  easily  been  taken  from  the 
processing  of  airborne  data.  Spectral  data 
of  young,  freshly  picked  Red  Alder  (Alnus 
rubra)  and  Balsam  Poplar  (Poplus 
balsamiferous)  leaves  were  obtained  outdoors 
under  overcast  illumination.  Several  leaves 
of  each  tree  were  arranged  on  a  white 
vertical  board,  so  that  both  the  tops  and 
bottoms  were  exposed.  The  board  was  then 
moved  slowly  past  the  CASI  so  as  to  sweep  out 
an  image. 

In  the  first  step  of  processing,  we  used 
the  'track  recovery  image',  overlaid  with  the 


location  of  the  spectral  look  directions,  to 
locate  a  single  look  direction  crossing  an 
area  of  leaves  in  which  the  background  was 
not  showing  through.  Spectral  data  from  that 
look  direction  were  then  displayed  in  image 
format  beside  the  'track  recovery  image' 
(Figure  1) .  This  allowed  us  to  look  for 
small  changes  in  the  spectrum  with  time,  and 
to  see  changes  in  parts  of  the  spectrum  other 
than  that  from  which  the  'track  recovery 
image'  was  chosen.  Average  and  standard 
deviation  wavelength  for  specified  times  or 
scan  lines  were  then  extracted,  divided  by 
the  spectra  of  the  white  board  to  form 
reflectance  spectra.  Division  of  the  spectra 
from  the  top  part  of  the  leaves  by  spectra 
from  the  bottom  show  strong  spectral 
variation  in  the  vicinity  of  the  red 
reflectance  edge  for  both  types  (Figure  1)  . 
This  may  be  significant  where  this  feature  is 
being  used  to  detect  plant  stress,  A 
comparison  of  spectra  from  the  tops  of  the 
two  types  of  leaves  show  that  there  are 
spectral  differences  which  may  be  of  use  in 
discriminating  the  two  tree  species  in 
airborne  remote  sensing  operations  (Figure 
1) .  Some  of  these  features  are  relatively 
narrow  and  will  require  the  capabilities  of 
imaging  spectrometers  or  special  optical 
filters  for  conventional  devices.  The  beauty 
of  imaging  spectrometers  like  the  CASI  is 
that  such  laboratory  studies  can  be  quickly 
done  to  optimize  spectral  bands  before 
flying.  In  total  this  exercise  took  two 
hours, 

CONCLUSIONS 

The  Compact  Airborne  Spectrographic 
Imager  is  a  flexible  and  portable  instrument 
that  can  be  used  in  both  the  laboratory  and 
in  the  field.  CASI's  ability  to  act  as  a 
spectrometer  and  an  Imaging  device  at  the 
same  time  greatly  facilitates  acquisition  of 
high  quality  spectral  data  which  are 
accurately  located.  CASI's  flexibility  in 
selecting  and  defining  spectral  bands  allows 
it  to  be  used  to  ground  truth  or  select 
optimal  spectral  band  definitions  for  other 
satellite  and  airborne  systems. 
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Figure  1 :  Track  Recovery  Row  displayed  with 
Spectral  image  of  a  selected  spectral  column.  ® 
Plots  are  derived  from  pixel  values  extracted  g 
from  indicated  positions  along  the  Spectral  2 
Image .  » 
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Tabl*  1 

CoiBpact  Airborno  Spactrographlc  Zmagar  (CASZ) 
Spacifications 


FIELD  OF  VIEW 

10  to  70  degrees 
(depending  on 
foreoptics) 

SPECTRAL  RANGE 

423  to  946nm.  (other 
ranges  available  ) 

SPATIAL  RESOLUTION 

512  spatial  pixels 
(Im  resolution  at 
833m  altitude  with 
40.5°  FOV) 

SPECTRAL  RESOLUTION 

1.8nm. 

SPECTRAL  BANDS 

Up  to  288  selectable 
non-overlapping 
bands . 

SCAN  RATE 

Up  to  100 
lines/second 

DYNAMIC  RANGE 

12  bits 

RECORDING 

Digital  cassette 
tape,  2  Gigabyte 
capacity,  190 
KB/second  maximum 
recording  rate 

OPERATOR  CONTROL 

Menu  driven  or  from 
configuration  files. 

MASS 

55  Kg 

POWER 

llOV  2.5A 

UAvtUntfth  (nM> 
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By  The  AIS-2  Airborne  Imaging  Spectrometer 


C.  Banningcr 

Institute  for  Image  Processing  and  Computer  Graphics 
Graz,  Austria 


Abstract 


AIS-2  data  acquired  from  a  Norway  spruce  forest  in  the  1900  - 
2300  run  wavelength  region  at  selected  spectral  bands  corresponding 
to  absorption  features  of  lignin  and  nitrogen-containing  protein  cor¬ 
related  significantly  with  foliar  lignin  and  nitrogen  concentrations 
Although  linear  trends  are  apparent  in  the  scatter-plots  of  combined 
AIS  and  biochemical  data  sets,  the  wide  dispersion  of  the  values  re¬ 
sulted  in  rather  low  correlation  coefficients.  Needle  nitrogen  content 
showed  the  strongest  correlation  with  AIS  bands  and  canopy  leaf  area 
indices  (LAI),  whereas  needle  lignin  content  and  canopy  LAI  values 
are  poorly  associated.  Results  from  the  study  indicate  that  informa¬ 
tion  related  to  canopy  lignin  and  nitrogen  content  is  obtainable  from 
airborne  imaging  spectrometer  data,  but  specialised  information  ex¬ 
traction  techniques  are  required  to  properly  analyse  these  data. 

Key  Words:  Airborne  Imaging  Spectrometry  (AIS),  Lignin,  Nitro¬ 
gen,  Leaf  Area  Index  (LAI),  Norway  Spruce 


Introduction 

The  ability  to  link  canopy  spectral  absorption  features  to  the 
concentrations  of  essential  canopy  biochemical  constituents  would 
greatly  increase  our  ability  to  accurately  assess  the  health  and  vi¬ 
tality  of  vegetation  by  remote  sensing  means,  infrared  reflectance 
spectroscopy  of  plant  material  has  identified  numerous  absorption 
bands  in  the  shortwave  infrared  region  (1200  -  2400  nm)  that  are  as¬ 
sociated  with  the  harmomcs  and  overtones  of  the  fundamental  bend¬ 
ing  and  stretching  frequencies  of  carbon-oxygen,  carbon-hydrogen, 
oxygen-hydrogen,  and  nitrogen-hydrogen  absorption  bands  and  their 
combinations  in  the  mid-infrared  wavelength  region.  These  absorp¬ 
tion  bands  become  progressively  weaker  at  shorter  wavelengths  with 
higher  orders  of  harmonics  and  overtones.  Wessman  at  al.  (1987a, 
b,  1988b)  and  Peterson  et  al.  (1988)  showed  that  subtle  absorption 
features  present  in  plant  spectra  in  the  1200  -  1600  nm  wavelength 
interval  contain  biochemical  information  on  canopy  lignin,  nitrogen, 
starch,  cellulose,  and  sugar  content  that  could  be  estimated  from 
high  spectral  resolution  data  acquired  by  NASA’s  Airborne  Imag¬ 
ing  Spectrometer  (AIS-1).  Scene  noise  reduction  techniques  (band 
differencing)  and  stepwise  multiple  linear  regression  analysis  of  AIS 
and  canopy  biochemical  data  sets  were  used  to  determine  those  wave¬ 


lengths  that  provided  the  best  ability  for  predicting  canopy  biochem¬ 
ical  composition.  These  statistically  defined  wavelengths  were  then 
related  to  known  absorption  bands  of  organic  compounds  occurring 
in  that  wavelength  region. 

Foliar  lignin  and  nitrogen  concentrations  are  good  biochemical  in¬ 
dicators  of  stress  conditions  present  in  a  canopy.  By  relating  changes 
in  the  depth  of  laboratory-defined  absorption  bands  of  these  two  es¬ 
sential  plant  constituents  to  changes  to  their  fohar  concentrations, 
it  may  be  possible  to  identify  bands  that  give  a  good  measure  of 
their  canopy  content  and,  by  inference,  a  measure  of  the  health  and 
vitality  of  the  vegetation.  The  1900  -  2400  wavelength  region  cov¬ 
ered  by  the  AIS  sensor  system  contains  information  on  lignin  and 
nitrogen-containing  protein  that  could  be  useful  in  the  remote  sensing 
of  canopy  vii.wlity,  if  laboratory-derived  lignin  and  nitrogen  (protein) 
absorption  bands  can  be  shown  to  have  a  strong  association  with 
their  respective  canopy  foliar  concentrations. 


Lignin  and  Protein  Absorption  Bands 

A  plant’s  health  and  vitality  is  dependent  upon  the  uptake  and 
metabolism  of  nitrogen-containing  compounds  to  form  chloroplasts, 
chlorophylls,  proteins  and  amino  acids.  Chlorophyll  pigments  are 
contained  within  the  chloroplasts,  which  comprise  approximately  75 
per  cent  of  a  plant’s  nitrogen  content.  Lignin  is  a  major  cell  wall 
constituent  of  all  vascular  plants  and  increases  in  concentration  with 
a  decrease  in  plant  nutrient  availability. 

The  reflectance  spectra  of  lignin  and  protein  in  the  near  to  short¬ 
wave  infrared  region  (800  -  2400  nm)  are  shown  in  Figures  1  and  2, 
with  the  wavelength  positions  of  their  major  absorption  features  indi¬ 
cated  Because  of  the  amorphous  nature  of  lignin  and  the  difficulty  in 
extracting  it  in  its  pure  form  from  leaves  (the  lignin  spectrum  shown 
is  of  wood  lignin),  its  actual  spectriun  may  not  be  exactly  as  that 
depicted  in  Figure  2.  Band  widths  for  the  major  lignin  and  protein 
absorption  features  range  from  approximately  75  - 100  nm  (measured 
as  full  band  width  at  half  maximum  depth). 


AIS-2  Data 

The  AIS-2  sensor  system  employs  a  64  by  64  detector  element 
array  that  measures  the  spectral  region  from  approximately  800  - 
2500  nanometres  at  a  10.5  nm  sampling  interval.  Spectral  data  are 
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Figure  1  Protein  Reflectance  Spectrum  (after;  Norris  and  Barnes,  Figure  2  Lignin  Reflectance  Spectrum  (after.  Elvidge,  1987) 

1976) 


acquired  in  two  separate,  but  overlaping  wavelength  regions.  A  so- 
called  'T>ee  Mode’  set  from  809  -  2143  run  and  a  so-called  ‘Rock 
Mode’  set  from  1184  -  2523  tun  (Figure  3).  Appropriately  placed 
blocking  Alters  eliminate  contamination  of  the  spectral  data  at  longer 
wavelengths  (up  to  2400  nm)  by  lower-order  diffracted  radiation  pro¬ 
duced  by  the  dispersion  grating.  Table  1  lists  the  pertinent  informa¬ 
tion  on  the  AlS-2  sensor  system  and  the  data  collected  from  the  test 
site.  AIS-2  data  acquired  from  vegetation  canopies  are  dominated  by 
the  presence  of  major  atmospheric  water  absorption  bands.  A  loga¬ 
rithmic  (log)  residual  transformation  (Green  and  Craig,  1985)  of  the 
spectral  data  enhsmees  the  presence  of  weak  spectral  absorption  fea¬ 
tures  in  the  data,  whilst  suppressing  or  removing  sensor,  solar,  and 
atmospheric-related  scene  effects,  such  as  the  two  prominant  water 
absorption  bands  in  the  shortwave  infrared  region  (Figure  4). 


Ground  and  AIS-2  Data 


sorption  features  lying  between  1900  -  2400  nm  that  showed  a  close 
correspondence  to  the  major  absorption  bands  of  lignin  and  protein 
in  this  wavelength  region  (see  Figures  1,  2,  and  4).  To  clarify  and 
better  define  the  width  and  depth  of  these  absorption  features  in  the 
AIS  data,  a  continuum  is  drawn  to  a  smoothed  spectrum  and  removed 
in  the  maimer  described  by  Clark  and  Roush  (1984)  and  shown  in 
Figure  5,  with  the  maximum  depth  of  the  absorption  feature  mea¬ 
sured  from  the  removed  continuum.  A  more  detailed  description  of 
the  AIS-2  data  obtained  from  the  test  site  and  their  processing  is 
given  in  Banninger  (1988). 

The  establishment  of  relationships  between  AIS  spectral  absorp¬ 
tion  bands  and  canopy  lignin  and  nitrogen  content  and  canopy  LAI 
required  the  geographical  positioning  of  each  AIS  canopy  pixel  to 
its  corresponding  test  site  location  and  the  derivation  of  the  average 
lignin,  nitrogen,  and  LAI  values  from  their  derived  isopleth  maps  for 
the  20  by  20  metre  ground  area  covered  by  the  2  by  2  pixel  window 
employed  in  the  sampling. 


Needle  samples  collected  from  mature  Norway  spruce  (Picea 
abies)  trees  at  50-m  station  intervals  and  AIS-2  spectral  data  ac¬ 
quired  from  the  spruce  tree  canopy  comprise  the  data  sets  used  in 
the  study.  First  year  needles  were  excised  from  the  twigs  of  lower 
tree  branches,  dried,  ground,  and  analysed  for  lignin  and  nitrogen 
as  a  per  cent  weight  by  the  infrared  reflectance  spectroscopy  method 
(Wessman  et  al.,  1988).  Canopy  leaf  area  index  (LAI)  values  were  de¬ 
rived  from  tree  diametre  measurements  made  from  5-m  radius  plots 


spaced  every  50  m  over  the  test  site.  AlS-2  data  used  in  the  study 
represent  tHc  mceti  intensity  ’.nine  of  2  by  2  pinel  ^oupis^s 
in  both  the  ‘Tree’  and  ‘Ro^  Modes’.  A  log  residual  transformation 


of  the  data  revealed  subtle,  but  distinct  absorption-like  features  in 


both  ‘Tree’  and  ‘Rock  Mode’  data  that  corresponded  to  the  wave¬ 


length  positions  of  absorption  features  present  in  vegetation  spectra 
obtained  by  laboratory  measurements.  The  10.5  nm  spectral  sam¬ 
pling  interval  employed  by  the  AIS-2  sensor  system  is  fine  enough 
to  resolve  the  major  absorption  bands  of  the  more  important  plant 
organic  compotmds.  Of  particular  interest  were  the  ‘Rock  Mode’  ab- 


Data  Analysis  and  Results 

A  pairwise  linear  regression  of  the  AIS  and  ground  data  sets 
helped  to  evaluate  the  usefulness  of  AlS-type  imaging  spectrome¬ 
ter  data  in  measuring  canopy  lignin  and  nitrogen  concentrations  and 
canopy  LAI.  The  results  of  the  analysis  are  given  in  Table  2.  The 
overall  strongest  correlations  are  between  needle  nitrogen  content  and 
nitrogen-related  AIS-2  absorption  bands  and  canopy  LAI.  The  wide 
dispersion  of  the  data  points  around  the  regression  lines  and  result¬ 
ing  low  coefficients  of  determination  (r’  values)  show  that  most  of 
the  variance  between  the  spectral  and  biochemical  data  sets  is  not 
explained  by  the  regression  parameters.  Although  the  correlation  co¬ 
efficients  obtained  from  the  regression  analysis  are  rather  low,  most 
are  significant  at  least  at  the  90  -  95  per  cent  level  and  do  indicate  a 
distinct  trend  in  the  data. 
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Table  1  AIS-2  SENSOR  SYSTEM 


Number  of  Bands: 

Spectral  Sampling  Interval: 
Nominal  Spectral  Resolution: 
Spectral  Range: 

Tree  Mode  Range: 

Rock  Mode  Range: 

Detector  Array  Site: 

Flying  Height: 

Nominal  Pixel  Site: 

Nominal  Swath  Width; 
Radiometric  Range: 


Figure  3  AIS-2  Rock  Mode  Spectrum  from  Spruce  Tree  Canopy 


Discussion  and  Conclusions 

The  ability  of  remote  sensing  data  to  provide  information  on  the 
health  and  vitality  of  plants  by  making  use  of  spectral  absorption  fea¬ 
tures  associated  *nith  foIioT  orgaTiic  COmpCUnds  offers  the  potential  to 
rapidly  survey  and  assess  large  areas  of  vegetation  cover  in  an  efficient 
and  economical  manner.  This  depends,  however,  on  the  premise  that 
variations  in  these  absorption  features  are  related  to  changes  m  the 
chemical  composition  of  canopy  fohage  at  a  level  of  accuracy  com¬ 
mensurate  with  the  required  purpose(s)  of  the  data.  Biocliemically 
related  absorption  features  in  the  shortwave  infrared  region  are  weak 
and  of  a  complex  nature  compared  to  the  prominent  water  absorp¬ 
tion  bands  of  this  region,  and  are  composed  of  several  overlapping 


128  (contiguous) 

10.5  nm 
21  nm 

809-2523  nm 
809-2143  nm 
1184-2523  nm 
64  X  64  elements 
5000  m  (a.g.l.) 

10  m  (nadir) 

640  m 

12  bits  (summation  to  16  bits) 


absorption  bands  related  to  the  overtones  and  harmonics  of  vari¬ 
ous  leaf  biochemical  constituents.  The  mixing  of  multiple  absorption 
bands  causes  a  broadening  of  the  absorption  features  and  a  shifting 
of  their  band  centres  relative  to  the  absorption  bands  comprising  the 
individual  components.  Although  one  might  expect  that  overlapping 
absorption  bands  of  biochemical  constituents  would  respond  in  a  sim¬ 
ilar  manner  to  changes  in  a  plant’s  condition  and  therefore  reinforce 
each  other,  tills  is  not  necessarily  the  case,  as  is  shown,  for  example, 
by  the  inverse  relationship  existing  between  foliar  lignin  and  tannic 
acid  content  and  foliar  nitrogen  content.  The  bandwidths  of  the  lignin 
and  nitrogen  (protein)  absorption  features  used  in  this  study  overlap 
with  the  absorption  bands  of  between  three  and  eight  other  leaf  or¬ 
ganic  substances,  thereby  militating  against  the  information  content 
obtainable  from  them. 

Wessman  et  al,  (1987a,  b,  1988b)  used  derivative  spectroscopy 
techniques  (band  differencing)  and  stepwise  multiple  linear  regression 
analysis  of  AIS-1  data  between  1200  -  1600  nm  to  statistically  select 
optimal  wavelengths  for  predicting  canopy  foliar  lignin  and  nitrogen 
concentrations.  The  wavelengths  selected  showed  reasonably  strong 
correlations  with  canopy  chemistry,  but  were  based  on  rather  small 
sample  sizes  (n  =  13  and  18),  which  could  have  unduly  influenced  the 
wavelength  selection  process  (see  Card  et  al.,  1988).  The  selection 
of  wavelengths  by  a  statistical  approach  allows  for  absorption  band 
mixing,  but  esm  result  in  a  variability  of  the  optimal  band(s)  selected, 
depending  on  the  size  and  method  of  processing  of  the  data,  and 
difliculty  in  ascertaining  the  organic  compound(s)  responsible  for  the 
absorption  band(s)  chosen. 

The  deterministic  approach  used  in  this  study  does  not  account 
for  the  band  mixing  problem,  but  relies  on  the  assumption  that 
clianges  in  the  absorption  feature  being  measured  is  dominated  by 
the  biochemical  substance  with  that  absorption  band  centre  This 
may  not,  however,  be  true,  if  the  interfering  band(s)  is  closely  cen¬ 
tered  to  the  absorption  feature  of  interest  and  is  also  much  stronger. 

AIS  data  are  quite  noisy,  due  to  both  scene  and  sensor  system  re¬ 
lated  noise,  and  is  not  completely  removed  in  the  log  residual  trans¬ 
formation  of  the  data.  Its  presence  serves  to  further  obscure  the 
expressions  of  the  already  weak  biochemical  absorption  features  in 
AiS  data  Changes  in  canopy  LAI  also  contribute  to  the  variability 
in  the  canopy  lignin  and  nitrogen  estimations,  as  does  the  low  range 
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Figure  4  Log  Residual  Rock  Mode  Spectrum  from  Spruce  Tree  Can¬ 
opy  with  Lignin  and  Nitrogen  Absorption  Bands  Indicated. 


of  lignin  (14.9  -  24.9  %)  and  nitrogen  (0.748  -  1.270  %)  values  for 
the  foliar  samples  analysed.  The  lack  of  significant  correlations  be¬ 
tween  the  liighest  ranking  nitrogen-based  wavelengths  (2050  nm  and 
2178  nm)  with  LAI  values  indicates  that  changes  in  these  absorption 
features  are  likely  related  to  foliar  nitrogen  content  and  not  canopy 
LAI.  Peterson  et  al.  (1988)  also  found  no  significant  correlation  be¬ 
tween  LAI  and  AIS  data  in  the  855  -  2036  nm  wavelength  interval 
examined. 

The  results  of  this  study  confirm  the  earlier  work  by  Wessman 
and  Peterson  and  their  co- workers  that  information  related  to  canopy 
lignin  and  nitrogen  content  is  obtainable  from  AlS-type  data,  but  that 
improved  noise  removal  o'  reduction  algorithms  arc  needed,  so  as  to 
allow  for  better  extraction  of  the  pertinent  canopy  information.  Bet¬ 
ter  information  extraction  techniques  will  also  have  to  be  employed  in 
the  analysis  of  AlS-type  data  to  resolve  the  mixing  problem  caused  by 
overlapping  absorption  features,  either  by  the  development  of  appro¬ 
priate  mixing  models  or  the  application  of  curve  fitting  and  derivative 
techniques. 
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Abstract 

Experimental  treatments  in  a  Douglas-fir  forest  in  north-east 
New  Mexico  was  carried  out  to  determine  whether 
differences  in  forest  canopy  chemistry  could  be  detected 
using  data  from  the  Airborne  Imaging  Spectrometer  (AiS-2). 
Experimental  treatments  consisted  of  nitrogen  fertilizer 
adaitions,  sawdust  additions,  and  control  plots. 

After  AIS-2  data  were  collected  from  the  study  site  the 
digital  number  of  a  given  pixel  was  extracted  from  each 
channel,  yielding  128  values  that  were  used  to  form  a 
spectmm.  Four  spectra  were  extracted  from  each  treatment 
plot. 

Multiple  stepwise  linear  regressions  between  first  and 
second  difference  transformations  of  AIS-2  spectra  and  the 
canopy  characteristics  of  biomass,  nitrogen  concentration, 
and  nitrogen  content  were  performed  to  determine  which 
channels  were  most  highly  correlated  with  the  measured 
canopy  characteristics. 

Results  of  a  three  term  stepwise  multiple  linear  regression 
showed  a  coefficient  of  multiple  determination  (R2)  of  0.71 
between  first  difference  aIS-2  spectra  and  measured 
nitrogen  concentration  in  foliage.  The  results  of  this 
controlled  study  suggest  that  it  may  be  possible  to  predict 
nitrogen  concentration  in  Douglas-fir  using  AIS-2  spectra. 
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Introduction 

Chemical  composition  of  forest  canopies  reflects  ecosystem 
processes  and  biogeochemicai  cycling  in  forest  ecosystems 
(Cole  and  Rapp,  1981;  Birk  and  Vitousek,  1986).  If  the 
chemical  composition  of  forest  canopies  could  be  obtained 
over  large  areas  using  airborne  or  spaceborne  sensors,  this 
information  could  serve  as  input  to  models  of 
biogeochemicai  cycling  and  would  allow  estimation  of 
biogeochemicai  fluxes  on  regional  or  global  scales.  The 
objective  of  this  study  was  to  determine  whether 
experimentally  induced  differences  in  coniferous  forest 
canopy  chemical  composition  could  be  detected  using  data 
from  the  Airborne  Imaging  Spectrometer  (AIS). 

Study  .Site 

This  study  was  carried  out  in  an  even-aged  stand  Douglas- 
fir  (Pseudotsuga  menziesii  (Mirb.)  Franco)  in  north-east 


New  Mexico  near  Mt.  Taylor  at  an  approximate  elevation  of 
10,000  feet  (Figure  1).  The  six  experimental  25  m  x  25  m 
plots  were  established  by  researchers  in  the  School  of 
Forest  Resources  at  Northern  Arizona  State  University. 
Replicate  treatments  included  addition  of  200  kg  nitrogen 
fertilizer  per  hectare  per  year,  addition  of  sawdust  at  50  tons 
per  hectare,  and  a  control.  The  original  plots  were  12  m  x 
12  m  and  were  treated  in  June  of  1985.  In  May  of  1986 
additional  treatment  were  applied  to  enlarge  these  plots  to 
25  m  X  25  m  for  the  purpose  of  this  study. 


Figure  1 .  The  study  site. 


Methods 

On  October  1,  1986,  fresh  foliage  samples  were  collected 
from  each  plot.  Nitrogen  concentration  in  the  foliage  was 
measured  after  block  digestion  using  a  sulfuric 
acid/mercuric  oxide  catalyst.  Leaves  were  freeze  dried  and 
ground  with  a  40-mesh  Wiley  Mill  before  analysis  Lignin 
concentrations  were  measured  using  the  method  described 
in  Van  Soest  and  Wine  (1958).  Foliar  biomass  for  each  plot 
was  obtained  from  allometric  equations  developed  at 
Northern  Arizona  State  University  (Gower  et  al.,  in 
preparation).  Canopy  foliar  content  of  a  given  constituont 
was  calculated  by  multiplyino  foliar  biomass  by  the 
concentration  of  the  constituent  for  each  plot. 
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AIS-2  data  with  a  spatial  resolution  of  7  m  were  acquired 
over  the  study  site  with  the  NASA  C-130  aircraft  on 
September  19,  1986.  These  data  were  obtained  in  the 
"Rock  Mode"  with  128  channels,  a  10.6  nm  sampling 
interval,  and  a  usable  range  between  1600  and  2400  nm 
(Vane,  1986).  Black  and  white  aerial  photographs  were 
also  obtained. 

Examination  of  the  data  revealed  single  drop  out  lines. 
Each  pixel  in  these  lines  was  replaced  by  the  average  of 
the  corresponding  pixels  in  the  two  adjacent  lines.  Vertical 
striping,  striping  in  the  along-track  direction,  was  also 
observed.  It  was  removed  by  applying  a  notch  filter  to  the 
Fourier  transform  of  the  image  in  eacn  band  as  described 
by  Hlavka  (1986). 

The  aspect  ratio  of  these  data  was  incorrect  due  to 
overscanning.  The  AIS  had  imaged  the  same  ground  area 
more  than  once  giving  the  data  a  blurred  appearance.  The 
amount  of  overscanning  was  calculated  as  follows: 

altitude  x  IFOV _ 

ground  speed  x  integration  time 

where: 

aircraft  altitude  is  in  feet 
aircraft  ground  speed  is  in  feet/sec. 

AIS  Instantaneous  field  of  view  (IFOV)  is  in  radians 
AIS  integration  time  is  in  sec. 

The  result  of  this  calculation  was  used  to  determine  the 
scale  to  which  to  resample  the  image  in  the  line  direction 
using  nearest  neighbor  interpolation.  Resampling 
corrected  the  aspect  ratio  and  produced  a  sharp  image  from 
which  to  locate  the  study  plots. 

Once  each  plot  had  been  located,  four  pixels  falling  within 
the  plot  boundaries  were  identified.  For  each  pixel,  the 
digital  number  was  extracted  from  each  channel  and  these 
128  values  were  then  used  to  form  a  spectrum  for  each  of 
the  four  pixels. 

In  order  to  determine  the  AIS-2  spectral  position  for  this 
flight  the  spectra  were  compared  to  the  reflectance  spectra 
from  the  LOWTRAN  6  mid-summer,  mid-latitude  model  for  a 
hypothetical  fifty  percent  isotropic  reflector  (Kneizys  et  al., 
1 983)  The  spectra  were  randomly  divided  into  two  subsets. 
Principle  component  analysis  was  performed  on  each 
subset  to  determine  the  number  of  degrees  of  freedom  in 
the  spectral  data  (Honigs  et  al.,  1985).  Results  for  one 
subset  are  shown  in  Figure  2.  The  rate  of  signal  to  noise  in 
each  channel  of  the  AIS-2  data  was  estimated  by 


calculating  the  ratio  of  the  mean  pixel  value  to  the  standard 
deviation  in  a  fifty  pixel  homogeneous  area  of  dense  forest 
in  the  scene.  Those  channels  with  a  signal-to-noise  ratio  of 
nine-to-one  or  lower  were  eliminated. 

First  and  second  difference  transformations  of  the  spectra 
(approximations  of  the  first  and  second  derivatives)  were 
performed.  A  multiple  stepwise  linear  regression  between 
the  transformed  AIS-2  spectra  and  the  canopy 
characteristics  of  biomass,  nitrogen  concentration,  and 
nitrogen  content  (biomass  x  concentration)  was  performed 
to  determine  which  channels  were  most  hjahly  correlated 
with  the  canopy  characteristics  of  interest.  The  number  of 
terms  used  in  the  regression  equation  was  restricted  to  the 
estimated  number  of  degrees  oi  freedom  in  order  to  reduce 
the  chance  of  overfitting. 


F«etor> 

Figure  2.  The  results  of  a  principle  component  analysis 
of  a  randomly  chosen  subset  of  12  spectra  from 
the  study  plots. 

Results 

Canopy  biomass,  nitrogen  concentration  and  content,  and 
lignin  concentration  and  content  for  each  plot  are  shown  in 
Table  1.  One  and  a  half  years  following  treatment,  canopy 
nutrient  concentrations  varied  among  treatments,  with 
fertilizer  treatments  having  significantly  higher  nitrogen 
concentrations  (14.43-15.69  mg/g)  than  did  control  (9.95- 
10.65  mg/g)  or  sawdust-amended  plots  (9.95-10.65  mg/g). 


Foliar  Biomass 

Nitrogen 

Lignin 

Weighted 
Avg  Cone* 

Content 

Cone 

Content 

Treatment 

Plot 

kg/625m2 

kg/ha 

mg/g 

kg/ha 

% 

kq/ha 

Control 

1 

755 

12080 

9.86 

119.17 

9.73 

1175 

N  Fertilizer 

2 

1048 

16775 

14.43 

240.76 

9.26 

1553 

Control 

3 

797 

12763 

9.59 

123.26 

9.19 

1173 

Sawdust 

4 

675.2 

10803 

10.64 

11564 

9.21 

995 

Sawdust 

9 

779.9 

12367 

9.95 

122.21 

9.31 

1151 

N  Fertilizer 

10 

809.7 

12956 

15.69 

210.13 

8.74 

1132 

Table  1  Canopy  biomass,  nitrogen  concentration  and  content,  and  lignin  concentration  and  content  for  each  plot. 

‘Nitrogen  concentrations  are  weighted  by  the  percentage  of  needles  in  each  age  class  in  the  canopy 
as  calculated  from  the  allometric  equations.  The  three  age  classes  of  needles  were  current  year, 
one  plus  two  years  old,  and  three  years  plus. 
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Nitrogen  content  showed  the  same  paitern.  Total  foliar 
biomass  was  highest  on  the  fertilizea  plots  (809.2-1048.0 
kg),  while  sawdust-amended  plots  ranged  from  675.2  to 
779.9  kg/ha  and  control  plots  ranged  from  755.0-797.0  kg. 
No  significant  differences  in  lignin  concentration  were 
observed  among  the  study  plots. 

After  eliminating  the  AIS  channels  with  a  signal-to-noise 
ratio  of  less  than  9-to-1 ,  68  channels  remained.  Results  of  a 
three-term  stepwise  multiple  linear  regression  using  AIS-2 
bands  centered  at  1655  nm,  2025  nm,  and  2115  nm 
showed  a  coefficient  of  multiple  determination  (R2)  of  0.71 
(P<0.01)  between  first  difference  AIS-2  spectra  and 
measured  nitrogen  concentration.  Weaker  correlations 
were  found  with  nitrogen  content  (R2  =  0.65,  P<0.01 )  and 
biomass  (R2  =  0.43)  which  was  not  significant  {P>0.05). 
Regressions  between  canopy  lignin  and  AIS-2  response 
were  performed,  but  were  not  significant  as  there  were  no 
significant  differences  in  lignin  concentrations  between 
treatments. 

Conclusions 

The  results  of  this  controlled  study  indicate  a  significant 
relationship  between  AtS-2  response  and  nitrogen 
concentration  suggesting  that  it  may  be  possible  to  predict 
nitrogen  concentration  using  AIS-2  spectra  in  Douglas-fir. 
A  true  test  of  prediction,  rather  than  simply  correlation,  was 
not  possible  in  this  study  as  the  experimental  plots  were  too 
small  to  extract  enough  spectra  for  independent  calibration 
and  validation  sets.  A  follow-on  study  is  planned  which  will 
use  large  fertilized  and  unfertilized  paired  plots  in  a  number 
of  different  coniferous  forest  types  to  determine  if  prediction 
of  canopy  nitrogen  is  possible  and  whether  or  not  it  is 
possible  in  other  coniferous  forest  types. 
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ABSTRACT  :  Airborne  measurements  are  evaluated  with 
AVIRIS  data,  a  modeling  is  given  taking  into  account  the 
atmosphere  influence  with  the  intention  of  quantifying  red  edge 
and  red  slope  on  vegetation  sites,  significance  and  value  of  the 
results  are  discussed  funher  on.  Comparaison  is  made  with  results 
acquired  in  situ  and  SAIL  model  simulation. 

The  behaviour  of  the  vegetated  sites  concerning  the  relationship 
between  the  “Normalized  Difference  Vegetation  Index”  (NDVI) 
and  the  red  edge  position  suggests  that  in  some  cases  the 
percentage  of  cover  is  predominant  and  that  in  some  other  cases  it 
is  the  “Leaf  Overlap  Index”.  To  quantify  this  observation  we 
simulated  vanous  canopy  geometrical  structure  with  the  SAIL 
mode!  and  various  types  of  leaves.  With  a  standard  soil  spectrum, 
we  found  that  for  a  “Leaf  Area  Index”  (LAI)  smaller  than  3,  the 
NDVI  increases  up  to  a  given  value  (depending  on  the  canopy)  and 
then  saturates  while  the  red  edge  position  decreases  when  the  LAI 
vanes  from  0  to  1  and  then  increases  with  LAI.  It  has  been  noticed 
that  when  the  NDVI  saturates  (LAI  >  3)  the  red  edge  position  is  a 
linear  function  of  the  LAI. 

KEYWORDS  :  high  spectral  resolution,  AVIRIS,  vegetation. 


INTRODUCTION,OBJECTIVES 

Most  of  studies  concerning  remote  sensing  and  agriculture  are 
based  on  the  relationship  between  biological  parameters  and 
spectral  data  with  the  aim  of  using  models  (growth  and  yield 
prevision).  Measurements  performed  on  vegetation  with  broad 
spectral  bands  are  generally  related  to  phenology  or  biomass,  the 
informatiM  being  mostly  present  in  the  red  and  near  infrared 
domains.  This  approach  is  justified  if  spectral  charactenstics  are 
not  modified  in  broad  bands,  this  is  not  the  case  between  670  and 
760  nm  because  one  major  feature  of  vegetation  spectra  is  the 
steep  slope  between  the  low  visible  reflectance  and  the  higher 
near-infrared  reflectance  :  the  “red  edge”.  ^ 

performed  on  leaves  with  high  spectral  resolution 
laboratory  spectrophotometers  contain  information  correlated  to 
vegetation  properties  ;  it  has  been  shown  that  the  shape  of  the  red 
^ge  of  leaves  is  correlated  with  chlorophyll  content  and  fonction 
^  the  leaf  area  (Docrayetal.  1981;  Horleret  al.,  1983),  it  has  also 
been  noticed  that  the  red  slope”,  slope  of  the  l<*av» 
curve  between  the  maximum  in  the  green  (550nm')‘a’nd"the 
minimum  in  the  red  (670  nm)  is  related  to  chlorophyll  content  and 

composition  (Gates  etal.  1965). 

These  measurements  take  into  account  single  leaf  propenies,  and  it 
IS  difficult  to  extrapolate  laboratory  results  to  in-situ  fields 
measurements  or  remotely  sensed  imagery.  The  spectral  behaviour 
of  a  canopy  is  notably  different  from  that  a  single  leaf  because  of 
W  ^19^4)'"'^'*  structure  and  the  acquisition  (Guyot,  1984;  Verhoef 


Few  studies  have  been  conducted  on  canopies  in-  situ  or  from 
space  with  narrow  band  spectrometers  or  spectroradiometers. 
Distinct  differences  have  been  detected  on  red  edge  position  for 
peas  and  cucumbers  spectra  taking  into  account  leaf  stacking 
(Ferns  et  al.  1984).  Phenological  stages  or  different  stresses  on 
wheat  canopies  with  identical  “Normalized  Difference  Vegetation 
Index”  (NDVI)  have  been  discriminated  (Baret  et  al.  1987). 
However  studies  based  on  in  situ  measurements  are  difficult  to 
exuapolate  to  airborne  sensors  (Rock  et  al.  1988). 

From  these  informations  we  investigated  airborne  spectral 
measurements  acquired  by  AVIRIS,  our  main  goals  being : 

-  to  determine  a  method  detecting  red  edge  positions  and  red 
slope  values  from  space  measurements,  taking  into  account 
atmospheric  parameters  and  sun  position. 

-  to  estimate  the  additionnal  information  given  by  narrow  bands. 

-  to  quantify  the  influence  of  selected  factors  on  red  edge  positions 
from  space  measurements  (sun  position,  soil  response,  canopy 
geometrical  structure,  leaf  optical  behaviour),  the  SAIL  model 
(Verhoef,  1984)  is  used  in  the  simulation  part  of  this  paper. 

1 )  DATA  DESCRIPTION  AND  METHOD 


The  AVIRIS  instrument  consists  in  4  spectrometers  that 
discrimates  a  20  square  meters  area  into  224  spectral  bands.  A  614 
pixels  wide  image  is  created  by  the  scanner.  The  sampling  interval 
is  9.6  to  10  nm,  the  specu-al^  coverage  is  400  to  2400  nm  and  the 
measured  signal-to-noise  ratio  was  150  to  1  at  700  nm  (Vane, 
1987).  After  resampling,  the  number  of  bands  is  reduced  to  210; 
each  9.8  nm  wide.  This  being  radiometric  calibrated  data  supplied 
by  JPL  (Vane,  1987).  The  radiance  values  are  in  this  step 
converted  to  16-bit  integers  by  multiplying  each  radiance  value  by 
100.  The  data  we  have  been  working  on  were  acquired  over  a 
large  vegetated  area  near  San  Francisco  at  Moffett  Field  in  summer 
1987. 


The  Moffett  field  test  site  includes  San  Francisco  bay  in  the 
northeast  corner,  a  transition  zone  between  sea  and  land  taken  by 
some  ponds  limited  by  dikes  and  filled  with  salt  water.  Agriculture 
land  is  located  near  the  airport,  some  golf  courses  and  parks  are 
present.  The  west  half  of  the  image  is  urban  area,  houses  have 
watered  grass  and  usually  many  trees,  vve  selected  8  differents 
vegetated  sites  in  this  area. 


We  call  R  the  “apparent  reflectance”  without  atmospheric 
corrections  defined  by  :  Ri=it.Li/Esi.cos0s  where  Li  is  the  upward 
scattered  radiance  when  the  ground  is  illuminated  by  a  solar 
incidence  beam  (Irradiance:  Esi,  incident  zenith  angle ;  (0s),  with  i 
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being  the  band  index).  The  integrated  value  of  Es  for  each 
AVIRIS  band  is  computed  using  linea;  interpolation.  The  data’s 
unit  is  in  microwatt/cmVnm/sr  (x  factor  100).  They  are  then 
converted  into  apparent  reflectance. 

Presented  in  figure  1  are  spectral  plots  of  7  sites.  Tlie  wavelenghts 
of  the  AVIRIS  channels,  number  (6.. .50],  are  in  the  [449.0, 880.2) 
nm  spectral  range. 

The  spectra  look  globally  alike  in  the  green  and  red  domain. 
Levels  of  radiance  are  nearly  the  same  except  for  site  4  whose 
response  is  high.  Radiance  generally  increases  from  band  13  to  17 
except  for  sites  5  and  7,  and  decreases  for  all  sites  from  band  19  to 
band  27.  In  the  near  infrared,  the  plots  show  large  differences  in 
reflectance  levels.  Absorption  peaks  create  radiance  variations 
which  are  evident. 

Of  particular  interest  is  the  observation  of  the  increase  and  decline 
patterns  because  they  vary  between  sites.  The  slopes  between  the 
maximum  in  the  yellow-green  (band  16:  556.8  nm)  and  the 
minimum  in  the  red  (band  29;  674.4  nm)  are  slightly  different.  In 
spite  of  atmospheric  absorption  noise,  differences  among  shape  of 
spectra  during  the  transition  red/near  infrared  “the  red  edge”  can 
M  noticed. 

D-Data  processing 

The  shape  of  the  reflectance  spectra  obtained  on  leaves  and  canopy 
in-situ  exhibits  an  inflexion  point  between  670  and  760  nm,  the 
position  of  which  is  usually  determined  by  analytic  methods 
(Gates,  1965).  It  has  been  shown  that  on  vegetation  reflectance 
spectra,  the  red  edge  has  a  local  symetry  center,  the  associated 
reflectance  being  the  average  of  red  (670  nm)  and  near  infrared 
(7^  nm)  response  (Guyot  et  Baret,  1988).  According  to  these 
authors  it  is  possible  to  approximate  the  reflectance  curve  between 
700  and  740  nm,  which  is  the  usual  range  of  variation  of  the  red 
edge  in  laboratory  or  in-situ,  with  a  straight  line. 

Using  AVIRIS  data,  we  plotted  the  reflectance  curves  beetween 
600  and  850  nm  to  estimate  whether  the  linear  approximation  is 
correct.  We  have  computed  the  gaseous  transmittance  with  the  5S 
model  (Tanre  et  al.,  1986)  for  each  AVIRIS  band  (center 
wavelenght).  This  is  represented  on  figure  2,  with  two  models, 
midlatitude  summer  and  midlatitude  winter  atmosphere. 
Atmospheric  absorption  created  obstacles  to  compute  the  red  edge 
position  :  noise  between  channel  29  (674.4  nm)  and  40  (782.2  nm) 
was  a  consequence  of  gaseous  absorption  :  water  in  channel  34 
and  oxygen  in  channel  38  Hence  we  selected  some  points  which 
are  located  out  of  the  absorption  bands  and  checked  that  the 
spectra  was  linear  between  channel  31  and  36. 

To  determine  the  local  symetry  center  position  (RE)  we  selected 
channel  29  and  channel  40  respectively  significant  of  maximum 
chlorophyllian  absorption  and  near  infrared  vegetation  response. 

For  each  pixel  with  : 

rj :  Reflectance  in  AVIRIS  channel  i 

wl; :  wavelength  center  AVIRIS  channel  i 

•■(RE)  =  ( fas  +  fao) !  2 

RE  =  WI31  ( r(]y:)  -  r3i )  X  ( WI36  -  WI31)  /  ( r34  -  r3i )  (1) 

With  the  same  notation  we  have  computed  the  red  slope  value  (RS) 
between  yellow-green  (channel  19)  and  red  (channel  27),  the 
atmospheric  perturbations  being  very  low  in  this  spectral  domain ; 

RS  =  (r,9-r27)x  10^/(wl27-wl,9).  (2) 

2 )  RESULTS  AND  DISCUSSION 

A  -  results  on  AVIRIS  data  : 

For  each  pixel,  NDVI,  RE  and  RS  have  been  calculated;  statistical 
description  is  performed  for  the  eight  selected  sites  (table  1). 
Apparent  reflectance  values  were  also  collected  (bands  16,  29  and 
40)  in  order  to  establish  relationships  with  red  slope  and  red  edge 
values. 


The  range  of  variation  for  the  red  slope  is  3.03  (Ap^.ltf)  for  all  the 
sites  and  7.10  for  the  whole  image. 

Modifications  of  the  slope  between  green-yellow  and  red  observed 
on  figure  1  are  quantifi^.  Red  slope  tends  to  increase  with  NDVI 
on  vegetated  terrestrial  sites,  the  behaviour  of  site  8  (aquatic 
plants)  is  specific. 

The  relationship  between  RS  and  spectral  bands :  Band  16  (547 
nm)  and  Band  29  (674.4  nm)  vari^  with  sites  suggesting  small 
variations  in  canopy  optical  pro^rties.  Slight  differences  have  to 
be  related  to  NeAp  which  is  unknown, 
bl  Red  edge 

The  range  of  variation  of  the  red  edge  position  was  about  23 
nanometers  for  all  the  sites.  On  the  whole  image  the  minimum 
value  was  696  nm  and  the  maximum  735  nm;  so,  we  nearly  used 
the  possible  range  [695,740)  nm. 

We  found  that  the  relationship  between  spectral  values  (bands  29 
and  40)  and  RE  was  non  linear  and  varied  slightly  with  sites. 

In  spite  of  the  non-linearity,  least  squares  linear  regression  analysis 
gave  an  indication  of  correlations  between  spectral  parameters. 
There  were  several  evident  relationships. 

On  site  1  and  6  (high  NDVI)  correlations  between  RE  and  C29 
(674.4  nm)  were  negative  (-0.65,  -0.53)  and  correlations  between 
SY  and  C40  positive  (0.60, 0.35);  this  suggested  that  the  control  of 
the  red  edge  was  partially  exerted  by  leaf  chlorophyll  content  and 
fotliage  scattering  properties.  However  the  standard  deviation 
order  of  magnitude  of  band  40  on  the  sites  induced  a  preponderant 
effect  of  the  folliage  scattering  on  red  edge  values  (canopy 
structure). 

relation  with  NDVI : 

Optical  properties  of  a  canopy  depend  mostly  of  the  LAI.  NDVI 
being  a  good  indicator  of  LAI,  we  have  studied  the  relationship 
between  RE  and  NDVI. 

We  have  plotted  RE  as  a  function  of  NVI  for  each  pixel  of  5 
vegetated  sites  (figure  3).  RE  increases  with  NDVI,  the 
correlation  being  positive  on  each  site  in  the  (0.4,0.7)  range.  This 
evolution  has  already  been  described  for  wheat  and  related  to 
phenology  (Baret  et  al.,  1988).  Our  sites  are  different,  including 
various  vegetation  types;  however  we  suggest  that  a  commun 
factor  has  an  influence  on  the  two  variables  in  our  data  set.  We 
have  studied  the  red  edge  behaviour,  mechanisms  which  are 
involved  in  spectral  shifts  and  the  relationship  with  NDVI. 

B  -  comparaison  with  Sail  canopy  model  simulation,  interpretation 

Significatives  variations  of  the  red  edge  position  on  canopies  have 
been  already  measured  (Ferns  et  al.,  1984;  Curran  et  Milton, 
1983),  they  may  be  caused  either  by  folliage  properties  (foliar 
index,  leaves  and  soil  optical  behaviour)  or  by  external  factors  (sun 
position).  Our  data  being  acquired  at  the  same  hour,  the  variations 
of  the  red  edge  position  are  linked  to  the  canopy.  Experimental 
results  acquir^  on  leaves  coupled  with  simulations  have  allowed 
us  to  determine  that  the  main  factors  influencing  the  shape  of  the 
red  edge  are  chlorophyll  concentration  in  the  leaf  and  LAI;  sun 
position  and  soil  optical  behaviour  being  less  important 
(Guyot,1988). 

LAI  depends  on  two  parameters :  ground  cover  percentage  and  leaf 
overlap  index.  For  a  given  LAI  these  factors  depend  on  the  canopy 
geometry. 

The  specific  influence  of  these  two  variables  has  been  studied  by 
Horler  (1983)  on  corn  leaves  with  a  spectrophotometer,  the  red 
edge  remained  identifiable  and  the  value  did  not  change  as  leaf 
cover  was  reduced  from  80%  to  20%.  The  effect  of  leaf  stacking 
produced  a  shift  of  the  red  edge  towards  longer  wavelenghts.  This 
positive  shift  has  also  been  detected  on  cucumber  plants  over  a 
background  of  dry  soil  when  the  “Leaf  Overlap  Index”  increased 
from  1  to  5  (Ferns  et  al.,1984). 

To  quantify  the  influence  of  selected  factors  on  red  edge  position 
and  to  give  possible  explanations  to  the  described  evolutions  on 
AVIRIS  data,  we  have  computed  RE  with  formula  (1).  The 
reflectance  values  in  the  four  selected  wavelenghts  (675,695,745 
and  780  nm)  have  been  computed  with  a  canopy  radiative  transfer 
model  :  SAIL  (W.Verhoef,  1984)  which  states  reflectance  as  a 
function  of  a  canopy  layer  morphology,  leaves  and  soil  optical 
properties  and  sun/target^bserver  position 
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For  a  given  solar  zenithal  angle  (0°)  and  a  nadir  sensor,  two 
different  types  of  leaves  have  been  chosen  ;  com  and  sunflower 
with  two  soil  responses  and  three  different  Leaf  Index  Distribution 
Function  (LIDF) ;  planophile,  spherical  and  erectophile.  The  LAI 
increases  from  0.5  to  12,  the  canopy  height  is  one  meter. 
Afterwards,  RE  has  been  computed  with  (1)  and  plotted  with 
NDVI  in  function  of  LAI. 


aldescription  of  the  modelled  general  relationship : 

As  represented  on  figure  4,  we  found  that  for  a  LAI  smaller  than  3, 
the  NDVI  increases  up  to  a  given  value  (depending  on  the  canopy) 
and  then  saturates  while  the  red  edge  position  decreases  when  the 
LAI  varies  from  0  to  a  minimum  around  1  and  then  increases  with 
LAI.  It  has  been  noticed  that  when  the  NDVI  sanirates  (LAI  >  3) 
the  red  edge  position  in  function  of  the  LAI  is  nearly  a  linear 
function. 

We  noticed  that  red  edge  position  and  NDVI  increase 
simultaneously  in  only  one  interval  of  LAI  variation  whose  precise 
limits  depends  on  folliage  geometry  in  our  example. 

The  leaves  spectral  behaviour  described  above,  shows  that 
vegetation  cover  variation  and  stacking  have  different  effects  on 
the  red  edge  shift.  Examining  the  various  evolutions  of  the  red 
edge  with  LAI,  we  have  studied  the  relationship  linking  red  edge 
position  with  vegetation  cover  percentage  and  Leaf  Overlap  index. 

b)  cover  perc.entape/Leaf  Overlap  Index 
For  a  given  LAI  and  LIDF,  it  is  possible  to  compute  the 
vegetation  cover  percentage  and  then  the  LOI,  the  latter  being 
equal  to  the  ratio  of  LAI  when  sensor  is  “nadir  looking"  with 
percent  cover  (Ferns  et  al.,  1984).  Vegetation  cover  percentage 
(%C)  can  be  derived  from  the  SAIL  model  for  a  given  LAI  and 
canopy  height  (h),  using  the  extinction  coefficient  (k)  for  direct 
solar  flux,  the  solar  zenith  angle  being  equal  to  zero. 

%C  =  (l-c-'‘«-A'4i))x  10^ 

Maximum  cover  percentage  was  reached  first  by  planophile 
canopy  (LAI  ~3)  then  by  erectophile  canopy  (LAI-5),  the  LOI 
decreased  when  the  LAI  varied  from  zero  to  a  minimum  around  I 
and  then  increased. 

Comparison  with  figure  4  suggested  that  red  edge  and  NDVI 
evolution  varied  differently  with  cover  percentage  and  LOI. 

By  increasing  LAI  [.5  to  12],  red  edge  and  NDVI  values  have  been 
plotted  in  function  of  cover  percentage  and  LOI,  red  edge 
behaviour  is  presented  on  figure  5. 

The  mechanisms  which  are  involved  in  RE  and  NVI  evolution  are 
different :  NDVI  depends  mostly  of  vegetation  cover  percentage 
and  RE  position  from  LOI,  with  little  variations  depending  on  LAI 
value. 

The  remark  about  figure  3  can  be  clarified,  by  making  the 
hypothesis  that  the  commun  increase  of  RE  and  NDVI  on  AVIRIS 
data  is  induced  by  a  common  increase  of  cover  percentage  and  LOI 
in  the  study  interval. 


In  the  last  part  of  this  paper  we  quantify  red  edge  variations 
induced  by  canopy  and  external  factors.  Some  factors  influence 
slightly  red  edge  position; 

-  canopy  geometry  as  showed  on  figure  4,  excepted  for  high  LAI 
(shift  >  1  nm  for  LAI  >  8); 

-  sun  position  :  when  solar  zenithal  angle  varies  within  the  range 
(0°,60°)  the  shift  reaches  Inm  for  LAI=8; 

-  soil  reflectance:  when  it  increases  of  about  8%  the  red  edge 
variation  is  all  the  more  important  as  LAI  tends  to  zero  (2nm  for 
LAI=1). 

Besides  the  LOI,  the  preponderant  factor  seems  to  be  optical  leaf 
behaviour  :  a  com  canopy  whose  leaf  has  higher  reflectance  and 
lower  transmittance  than  a  sunflower  canopy  will  exhibit  a 
significatively  higher  RE  value  for  a  given  LAI  (shift  >  5  nm  for 


LAI  >8). 

Guyot  and  Baret  (1988)  have  shown  that  red  edge  position 
determination  is  slighly  influenced  by  atmosphere  optical  depth, 
however  this  result  didn’t  integrate  atmospheric  absorption. 
Besides  the  selection  of  the  four  AVIRIS  bands  in  correct 
atmospheric  windows,  we  have  evaluated  the  dependance  of  red 
edge  measurement  from  gaseous  transmission  phenomena.  For 


two  corn  canopies  with  different  LAI  (2  and  12)  and  a  spheric 
LIDF,  we  have  simulated  the  red  edge  shift  associated  with  the 
LAI  increase.  This  has  been  done  at  the  top  and  at  the  bottom  of 
the  atmosphere  for  a  middle  latitude  winter  (MLW)  and  a  middle 
latitude  summer  (MLS)  atmosphere  model  (Tanre  et  al.  1986). 

For  an  AVIRIS  bandwidth,  the  red  edge  position  shifted  positively 
of  1.5  nm  (MLW)  and  2.5  nm  (MLS),  the  shift  induce  by  LAI 
increase  being  of  the  same  magnitude  at  the  top  and  at  the  bottom 
of  the  atmosphere. 

CONCLUSION 

It  is  possible  to  calculate  red  slope  value  and  red  edge  position  on 
AVIRIS  data  with  a  correct  band  selection.  In  AVIRIS  case,  we 
nearly  use  the  possible  range  of  variation  of  the  red  edge  position 
(40  nm  in  the  whole  area  and  23  nm  for  all  the  selected  sites). 

The  order  of  magnitude  of  these  spectral  features  variations  arc 
about  the  same  on  AVIRIS  data,  simulations  and  referenced 
litterature. 

Red  edge  position  computed  on  simulated  canopy  under  the 
assumption  of  the  SAIL  model,  depends  mostly  of  the  leaf  overlap 
index  and  leaves  optical  properties.  It  appears  to  be 
complementary  of  the  normalised  difference  vegetation  index 
which  is  mostly  dependant  of  vegetation  cover  percentage. 
However,  a  sensitivity  study  including  the  influence  of  NeAp  and 
detailed  atmospheric  perturbations  is  required;  the  simulations 
show  that  red  edge  position  is  significatively  modified  because 
of  the  gdstc>'s  absorption. 


1  site 

s 

2 

3 

4 

S 

6 

7 

8 

1  (number  of  pixels) 

203 

164 

59 

24 

146 

309 

292 

118 

NDVI 

mean 

.74 

.65 

.51 

.31 

.32 

.72 

.37 

.55 

a 

.04 

.03 

.05 

.06 

.05 

.03 

.05 

.01 

Rededee 

mean 

721.4 

719  3 

716.4 

712.3 

711.7 

720.1 

7IS.2 

705.1 

position 

a 

1.2 

.97 

2.2 

1.4 

28 

.98 

2.4 

1.3 

Red  slope 

mean 

2.19 

1.31 

1.03 

<=o 

1.11 

2.13 

<«=0 

2.38 

dp'.IO’ 

a 

.31 

.32 

.25 

.21 

.36 

.18 

Band  16 

mean 

.084 

.079 

074 

,098 

,071 

087 

,076 

089 

a 

.005 

.005 

.009 

.002 

.004 

.004 

.002 

.002 

Band  29 

mean 

.056 

.061 

.063 

.112 

.059 

,061 

,077 

.058 

a 

.026 

.027 

.023 

.011 

.012 

.030 

.016 

.005 

Band  40 

mean 

.386 

.292 

.199 

.213 

.115 

.384 

.168 

.200 

a 

.007 

004 

.006 

005 

.005 

.006 

.005 

.002 

Table  I :  Mean  valucs/SlandanJ  deviations  for  selected  sites  (AVIRIS  data) 


Figure  1  ;  Apparent  reflectance  spectra  of  selected  vegetated  sites 
(AVIRIS  data) 
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Figure  2  :  Gaseous  transmission  influence  on  simulated  Aviris 
bands,  comparison  with  a  measured  vegetation  response 
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Figure  4  ;  Simulation  of  the  red  edge  position  and  NDVI  values  as 
a  funedon  of  LAI  [0. 1 , 1 2]  for  a  com  canopy  with  different  LIDF 
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Figure  5  :  Simulation  of  the  red  edge  position  as  a  function  of  the 
“Leaf  Overlap  Index”  for  a  com  canopy  with  increasing  LAI  fO.5, 
12] 
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resume 

Cet  article  pryseme  quetques  rdsultats  des  premiers  essais  en  vol 
d'un  prototype  du  spectromytre  imapeur  CASI  (Compact  Airborne 
Spectrographic  Imager,  ITRES  Rese  treh  Limited,  Calgary)  durant 
ryt6  1988.  Les  luminances  CASI  mesuryes  sont  normalisees  par  les 
valeurs  d'yclairement  total  incident  mesuryes  simultanyment  avec  le 
spectroradiomytre  de  terrain  SPECTRON.  On  montre  qu'il  est  ainsi 
passible  d'obtenir  des  spectres  de  ryflectance,  propriyty  intrinsyque 
des  surfaces  indypendantes  des  conditions  de  mesure.  La 
calibration  des  appareils  est  aussi  discutyc. 


ABSTRACT 

In  this  paper  we  present  preliminary  results  for  data  acquired  by  the 
airborne  CASI  (Compact  Airborne  Spectrographic  Imager,  ITRES 
Research  Limited,  (ialgary)  during  the  summer  of  1988.  The 
radiance  levels  acquired  by  the  CASI  were  normalized  to  the  total 
downwelling  incident  irradiance  acquired  by  a  (SPECTRON) 
spectro-radiome  t  device  mounted  in  the  roof  of  the  aircraft.  This 
configuration  per.  its  the  normalization  of  radiance  data  to  spectral 
reflectance  data  c  hence  to  a  quantity  which  is  in  principle 
independent  of  the  cc  dition  of  measurement.  The  calibration  of  the 
reflectance  system  is  a  'o  discussed. 


1  ■  INTRODUCTION 

Les  spectrornyues  imageurs  constituent  la  demiyre  gynyration  des 
capteurs  de  tyiydytection  dans  le  domainc  du  visible  et  prochc  infra- 
rouge  (O'Neill  et  ai.,  1988;  Remote  Sensing  of  Environment: 
Special  Issue  on  Imaging  Spectrometry,  vol.  24,  n' I,  February 
1988).  II  existe  actuellement  au  Canada  deux  spectromytres 
imageurs  opyrationnels  adroportys;  le  ELI  (Fluorescence  Line 
Imager;  Borstad  et  al.,  1985)  et  le  CASI  (Compact  Airborne 
Spectrographic  Imager,  ITRES  Research  Limited,  Calgary,  Alberta, 
Canada).  Durant  I'yid  1988,  nous  avons  ryalisy  les  premiers  essais 
en  vol  d'un  prototype  du  CASI  et  nous  en  prysentons  ici  une 
analyse  pryiiminaire.  Nous  avons,  en  particulier,  mis  I'accent  sur  la 
calibration  relative  des  donnyes  transformyes  en  ryflectance  par 
normalisation  des  luminances  par  rappo  i  y  I'ydairement  incident. 


2.  ACQUISITION  DES  DONNEES 

Le  CASI  est  un  spectromytre  imageur  constiiuy  d'une  matrice  CCD 
(Charge  Coupled  Device)  de  576  x  288  pixels  illuminye  par  un 
ryseau  de  diffraction.  La  souplessc  du  systeme  permet  I'acquisition 
de  donnyes  dans  une  gamme  de  configuration  variye,  soit 
essentiellement  spectrale;  288  bandes  avec  une  faible  rysolution 
spatiale,  jusqu'y  une  configuration  spatiale  de  512  pixels,  avec  une 
rysolution  spectrale  dygradye.  Le  champs  de  visye  total  est  de  30',  la 
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Figure  1:  Eclairement  solaire  total  incident  mesury  h  I'aide  du 
spectroradiomytre  SPECTRON  instaliy  sur  le  toit  de 
I'avion  et  yquipy  d'un  diffuseur  intygrant  (minimum, 
maximum  et  moyenne  de  spectres  obtenus  pendant  le 
survol). 
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Figure  2.  Luminance  relative  de  I'asphalte  obtenue  au  sol  avec  le 
CASI  rapportye  aux  longueurs  d'onde  calibryes  par 
rapport  aux  raies  d'absorption  de  I'oxygyne  et  de  la 
vapour  d'eau: 

1 :  527  nm,  2;  544  nm,  3:  589  nm,  4;  628  nm, 

5;  656  nm,  6;  687  nm,  7: 760  nm,  8;  812,5  nm. 
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couverture  spectrale  est  comprise  entre  450  et  900  nm,  et  la 
resolution  radiometrique  est  de  12  bits.  Dans  sa  version  prototype 
(dtd  1988),  I’instrument  a  permis  I'acquisition  d'images  spectrales  k 
288  canaux  rdpartis  sur  9  pixels  spatiaux.  L'instrument  et  le 
syst^me  d'enregistrement  des  donnees  ont  dtd  installes  sur  un 
monomoteur  Piper  PA-28  (de  la  compagnie  Air  Focus,  Chicoutimi, 
Quebec,  Canada).  L'image  analysee  a  ete  acquise  le  19  aout  1988 
au-dessus  du  lac  d’Argent  dans  la  region  de  Sherbrooke  (altitude  de 
vol:  3  (XX)'  par  rapport  au  sol,  vitesse  de  I'avion  1 12  noeuds). 

Simultanement  aux  mesures  CASI,  des  mesures  de  I'eclairement 
solaiie  total  incident  ont  ete  realisees  h  I'aide  d'un  spectroradiometre 
(SPECTRON  SE  590,  SPECTRON  ENGINEERING  INC., 
Denver,  Colorado,  USA)  instalie  sur  le  toit  de  I'avion  et  equipe  d'un 

vene  diffuseur  (2  n  sr).  Le  SPECTRON  permet  d'analyser  le 
spectre  incident  entte  368  et  1  113  nm  sur  252  canaux,  soit  avec  une 
resolution  3  f^ois  moins  fine  que  celle  du  CASI.  La  Figure  1  niontre 
le  signal  moyen  obtenu  avec  le  SPECTRON  durant  les  5  mn  de  vol 
(H  GMT  14:24  -  14:29)  ainsi  que  la  variabilite  observee  (ensemble 
des  valeurs  maximum  et  minimum)  (±  -  2-3%).  Le  signal  reste 
relativement  stable. 


3.  CALIBRATION  RELATIVE  DES  SPECTROMfeTRES 

Pour  la  calibration  relative  des  spectres  cn  longueur  d'onde  et  afin 
de  pouvoir  les  normaliser,  nous  avons  effectue  une  serie  de  mesures 
simultandes  CASI  /  SPECTRON  au  sol  au-dessus  d'une  surface 
homog&ne  (goudron-asphalte).  La  Figure  2  monuo  le  spectre  CASI 
de  goudron  corrigd  h  partir  de  8  longueurs  d'onde  de  rdf^rences 
correspondant  aux  raies  d'absorption  de  I'oxyg^ne  et  dc  la  vapeur 
d'eau.  Le  signal,  dans  ce  cas,  varic  de  501  nm  h  868,8  nm,  soit 
avec  une  resolution  de  1,3  nm.  Les  raies  d'absorption  sont  tr^s 
bien  identifides  et  leur  position  est  tr^s  stable  (^cart  type  de  0,58  nm 
pour  le  pic  cl  760  nm  par  exemple,  pour  un  ensemble  di  50  valeurs). 


Ce  coefficient  d'dtalonnage  nous  permet  done  de  transformer  les 
luminances  relatives  CASI  en  reflectances  normalisees,  propriete 
intnnsbque  de  la  surface  et  inddpendante  des  conditions 
d'dclairement  (si  la  surface  est  Lambertienne). 


Figure  3.  Comparaison  des  luminances  relatives  de  I'asphalte 
obtenues  avec  le  SPECTRON  et  le  CASI: 

A)  Donnies  Specnon  bmtes 

B)  Spectre  CASI  liss6  avec  une  fenetre  de  ±  2  pixels 
CASI 

C)  Spectre  CASI  lissd  avec  une  fenetre  de  ±  1 1  pixels 
CASI 


Les  donndes  SPECTRON,  moins  faciles  i  calibrer  du  fait  de  la 
faible  resolution  spectrale,  sont  comparees  au  CASI  dans  la  Figure 
3.  II  apparait  que  les  variations  du  spectre  CASI  liss^es  avec  une 
fenetre  de  ±  1 1  pixels  CASI  correspondent  approximativement  bien 
II  celles  observees  avec  le  SPECTRON.  Ceci  suggSre  un  pouvoir  de 
resolution  effectif  du  SPECTRON  de  I'ordre  de  14  nm,  soit  trfes 
inferieur  ^  la  valeur  nominale  de  3  nm.  La  calibration  en  longueur 

d'onde  a  fait  apparaitre  un  decalage  positif  de  I'ordre  de  -i- 10  nm  (X 

corrigi  -  X  nominal)  au  debut  du  spectre  (500  nm)  et  un  decalage 
negatif  du  meme  ordie  de  grandeur  (- 10  nm)  vers  les  plus  grandes 
longueurs  d'onde.  Afin  de  simuler  des  spectres  de  reflectances  que 
Ton  obtiendrait  avec  le  CASI,  nous  avons  ramend  le  SPECTRON  d 
la  rdsoludon  CASI.  Pour  celh,  une  function  d'interpolation  du  type 
(sin  x/x)  a  dtd  appliquee  au  spectre  d'edairement  solaire  du 
SPECTRON.  La  mise  en  concordance  des  spectres  a  ainsi  permis 
d'etablir  un  coefficient  d'dtalonnage  relatif  (Kx)  entre  le  CASI  et  le 
SPECTRON  (Figure  4).  Celui-ci  a  etd  ddfini  par  rapport  Ii  la 
reflectance  d'un  panneau  blanc  de  reference  (Kodak)  suivant  la 
relation: 

Kx  =  [  Ls(asphalte)  /  Lj  ( panneau  ref.)J  /jLc(asphalte)  /  E^ 


p  j(asphalte)  /  p  j(  asphalte) 


oh  les  indices  s  et  c  reftrent  au  SPECTRON  et  au  CASI 
respectivement,  et  L  correspond  ^  une  luminance,  E  H  un 

edairement  et  p  &  une  reflectance. 

Les  pics  de  haute  frequence  qui  apparaissent  dans  les  variations 
observees  (Figure  4)  sont  dus  4  la  difference  de  resolution  des  deux 
insuaiments  utilises.  Les  fortes  valeurs  au-delk  de  860  nm  rdsultent 
du  bruit  insuiimental. 


Les  donnees  SPECTTRON  ont  6t€  par  la  suite  calibrees 
en  longueurs  d'onde  h  partir  des  points: 

l:517nm,  2:544nm,  3:o28nm,  4:687nm 
et  5: 760  nm. 


Figure  4:  Coefficient  d'etalonnage  CASI/SPECTRON  (Kx)  pour 
le  calcul  des  reflectances  obtenues  h  partir  de  mesures 
simultanees  de  I'asphalte,  d'un  panneau  blanc  de 
reference  et  de  I'eclairement  incident . 
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4.  RfeSULTATS: _ EXEMPLE  DE  SPECTRES  DE 

REFLECTANCE 

La  Figure  5  pr6sente  une  petite  portion  de  I'image  analysde 
correspondant  &  9  pixels  x  52  lignes  de  laquelle  on  a  extrait  3 
specU'es  reprdsentatifs  de  la  vdgdtation,  de  I’eau  et  d'une  surface  de 
sol  nu.  Un  probliime  dans  le  rdglage  du  temps  d'intdgration  des 
signaux  enregistrds  a  provoqud  une  saturation  des  donndes  dans  ies 
fortes  valeurs  de  luminances.  D'autre  part,  une  comparaison  des 
signaux  en  colonnes  a  fait  apparaitre  des  differences  significatives 
dues  au  vignetage  des  lentilles  d'entrde.  Tous  ces  probldmes  oni  dtd 
rdglds  sur  la  version  actuelle  du  CASI. 

Les  reflectances  dquivalentes  i  ces  luminances  ont  done  dtd  ddduites 
k  pattir  du  coefficient  d'dtalonnage  Kx: 

Px  =  Kx(L5(cible)/E^ 

Les  pics  d'absorption  ont  6t6  largement  eiiminds  et  les  spectres 
obtenus  prdsentent  des  variations  d'amplitudes  typiques  des 
surfaces  analysdes.  Pour  I'eau,  il  subsiste  cependant  des  variations 
de  hautes  frequences  dans  les  faibles  valeurs  de  reflectance  (0,01  - 
0,005).  Celles-ci  peuvent  rdsulter  de  la  non  linearite  de  la  rdponse 
du  signal  associd  entre  autre  au  probldme  du  rdglage  du  temps 
d'intdgration. 


5.  CONCLUSION 

Nous  avons  analyse  les  spectres  de  luminances  relatives  obtenus 
avec  le  spectromdtre  imageur  CASI.  La  fine  resolution  spectrale 
(1,3  nm)  permet  un  recalage  trds  prdcis  de  la  calibration  en  longueur 
d'onde. 

La  calibration  radiometrique  peut  etre  obtenue  par  normalisation  des 
luminances  par  rapport  ^  I'dclairement  total  incident.  Les  tests 
effectuds  avec  un  deuxidme  spectroradiomdtre  (SPECTRON) 
enregisu^t  rdclairement  simultandment  sont  trds  concluants.  Un 
systdme  adroporte  intd^nt  les  deux  mesures  de  fa9on  synchronisde 
(systdme  par  fibre  optique  par  exemple)  permettrait  une  analyse 
quantitative  des  spectres  de  rdfiectance  et  augmenterait  ainsi 
considdrablement  le  poientiel  d'analyse  des  donndes  obtenues. 

Nous  tenons  it  remercier  monsieur  Luc  St-Pierre  pour  sa  pricieuse 
collaboration  dans  la  realisation  du  projet,  ainsi  que  la  compagnie 
Air  Focus  de  Chicoutimi.  Ce  projet  a  hi  finance  en  partie  par  le 
CRSNG  (projet  A  8643  et  A  1765),  par  I'lnstitut  scientifique  du 
Saguenay  (Chicoutimi)  et  par  le  minisiire  des  Piches  et  Oceans 
Canada . 
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Figure  5:  Image  spectrale  du  lac  d'Argent,  Quebec  du  19  aoQt 
1988.  Luminances  et  reflectances  spectrales  des  pixels 
9,  ligne  7  pour  la  vdgetation,  ligne  37  pour  I’eau  et  ligne 
45  pour  le  sol  nu.  Les  reflectances  ont  ete  obtenues  par 
normalisation  par  rapport  H  redairement  solaire  incident 
mesure  simultanement  sur  le  toit  de  I'avion. 
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ANALYSIS  OF  SCATTERING  BEHAVIOR  FROM  A  KNOWN 
RANDOM  SURFACE  USING  FREQUENCY  DIVERSE 
PROJECTION  IMAGING 


C.  E.  Nance  &  A.  J.  Blanchard 


Wave  Scattering  Research  Center 
University  of  Texas  at  Arlington 
Arlington,  Texas,  U.S.A. 


ABSTRACT 

The  scattering  from  randomly  rough  surface  targets  has 
been  studied  in  the  past  by  using  theoretical  modeling,  numerical 
simulation,  and  experimental  measurement.  The  experimental 
scattering  behavior  for  a  known  randomly  rough  surface  has  also 
been  studied  (C.  E.  Nance,  A.J.  Blanchard,  and  Chen,  1988).  The 
surface  target  was  a  metalized  randomly  rough  surface  constructed 
from  known  surface  statistical  information.  The  two  dimensional 
projected  image  of  this  artificial  rough  surface  will  be  examined. 
The  images  will  be  compared  with  the  known  "ground  truth"  or 
surface  coordinate  geometry  to  try  to  interpret  the  information 
which  can  be  obtained  by  the  projection  imaging  of  surface 
structured  targets. 


Keywords:  Imaging,  Rough  Surface,  ISAR, 
Radar,  Microwave 
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The  methods  used  in  the  formation  of  the  images  have  been 
presented  in  previous  work  (Blanchard  &  Dolaty, 
1988)(Farhat,Werner,&  Chu,  1984).  The  images  are  two 
dimensional  projected  images  of  the  three  dimensional  target.  The 
two  dimensional  projection  of  the  object  function  is  found  by 
integrating  the  z  dependance  out  of  the  relation. 


Ypro/*’^)" 


rjkx.ky.kz)  gijk.x+kyy+kiz)  dk,dk,dkjdz 


This  reduces  to  the  two  dimensional  inverse  Fourier  transform 
relation,  which  is  used  to  produce  the  two  dimensional  projected 
object  function  onto  the  x-y  plane.  The  scatterers  which  do  not  lie 
in  the  x-y  plane  are  defocused. 


Hkx.ky)  dkxdky 


Experiment  De.scriplion 

The  images  of  a  Gaussian  rough  surface  were  taken  in  an 
indoor  anechoic  range.  The  scattering  data  was  processed  off  line 
on  a  workstation.  The  rough  surface  patch  was  a  circular  target, 
(1.2m  diameter),  with  known  surface  height  deviation  and 
correlation  lengths.  The  surface  was  machined  from  a  four  foot 
square  structural  foam  sheets.  The  surface  was  then  coated  with 
aluminum  flake  paint  to  provide  a  conducting  surface.  The 
standard  height  deviation  of  the  surface  is  3  cm,  and  the  correlation 
length  is  7  cm.  This  places  the  scattering  behavior  in  the  Kirchoff 
region.  The  roughness  scale  of  the  surface  is  therefore  considered 
large.  Figure- 1  plots  the  surface  grid  of  the  rough  surface  target 
with  the  units  of  the  figure  in  centimeters.  The  rough  surface  target 
is  the  1.2  meter  circle  cut  from  the  1.2  meter  square  section. 

The  measurements  were  made  in  the  Bistatic  Cross  Section 
Range  at  the  University  of  Texas  at  Arlington.  The  measurement 
hardware  is  a  FM  swept  system  consisting  of  a  Hewlett/Packard 
8510  Network  Analyzer,  8341A  Sweeper,  and  a  851  lA  Test  Set. 

The  measurements  for  the  monostatic  image  were  taken  at 
an  incidence  angle  of  45  degrees.  The  azimuth  position  was  varied 
from  0  to  90  degrees  in  0.5  degrees  increments.  The  data  was 
acquired  for  401  frequency  steps  between  4  and  18  GHz. 
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rigure-2  is  the  monostatic  two  dimensional  projected  image 
of  the  rough  surface.  The  outline  of  the  circular  edge  of  the  target 
can  be  seen,  but  the  diameter  of  the  image  is  smaller  than  the  actual 
size  of  the  target  due  the  projection  of  the  object  function.  This 
projection  is  a  linear  compression,  therefore  it  is  viewed  as  a  scaled 
image.  The  scaling  factor  is  .around  0.7  which  is  close  to  the  cosine 
of  the  look  angle  of  the  measurements.  The  image  does  not 
represent  the  actual  source  distribution  on  the  surface  because  the 
method  of  which  the  data  was  acquited.  To  obtain  an  actual 
source  distribution  for  a  certain  illumination  direction,  the 
transmitter  position  relative  to  the  target  would  have  to  remain 
fixed,  and  the  receiver  would  have  to  move  to  sample  the  scattered 
fields.  This  image  represents  an  average  source  distribution 
because  the  transmitter  and  receiver  positions  changed  with  respect 
to  the  target.  Figure-3  is  the  two  dimensional  monostatic  image 
containing  only  the  data  of  the  first  10  degrees  in  the  azimuth 
rotation. 

This  paper  has  illustrated  the  type  of  images  that  would  be 
obtained  from  random  large  scale  surfaces  when  using  two 
dimensional  projection  imaging.  The  method  of  target  rotation, 
with  the  transmitter  and  receiver  fixed  to  acquire  the  spatial 
frequency  data  needed  for  the  image  construction  produces  an 
image  of  the  average  source  distribution  of  the  target  over  the  look 
angles.  A  method  of  holding  the  target  fixed  and  scanning  with  the 
transmitter  and  receiver  in  azimuth  would  be  equivalent.  This  type 
of  data  acquisition  is  similar  to  the  manner  in  wliich  data  is  acquired 
in  conventional  SAR  systems. 
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Figure- 1 :  Surface  Grid  Plot  For  Gaussian  Random  Surface 
(units  for  grid  and  heights  in  centimeters) 
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Figure-2:  Two  Dimensional  Image  of  Gaussian  Random  Surface 

(4-18  GHz,  monosiaiic,  45  degree  look  angle,  90  azimuth  sample) 
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Figure-3:  Two  Dimensional  Image  of  Gaussian  Random  Surface 

(4-18  GHz,  monostatic,  45  degree  look  angle,  10  azimuth  sample) 
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MULTIPLE  VOLUME  SCATTERING  EFFECTS  IN 
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ABSTRACT 

The  multiple  volume  scattering  cITccts  in  microwave  polari- 
metric  remote  sensing  are  studied.  For  terrain  media  consist¬ 
ing  of  sparse  concentrations  of  nonsphcrical  scatterers,  the  po- 
larimetric  signatures  are  calculated  by  solutions  of  the  vector 
radiative  transfer  equations.  For  nonsphcrical  particles,  the 
extinction  matrix  is  used  giving  two  effective  propagation  con¬ 
stants  with  two  characteristic  polarizations.  First-order  and 
second-order  solutions  arc  calculated  and  compared.  For  ter¬ 
rain  media  consisting  of  a  dense  distribution  of  partieles,  the 
dense  medium  radiative  transfer  equations  are  used.  The  dense 
medium  radiative  transfer  theory  takes  into  account  the  effects 
of  correlated  scattering.  The  theoretical  results  of  dense  media 
transfer  equations  agree  well  with  controlled  laboratory  exper¬ 
iments  and  give  the  correct  functional  dependence  of  scatter¬ 
ing  versus  concentrations  of  particles.  Numerical  results  arc 
illustrated  for  copolarization  signatures  for  the  backscattering 
return.  It  is  found  that  the  effects  of  multiple  scattering  can 
significantly  decrease  the  degree  of  polarization  of  the  return 
signal. 

Introduction 

There  has  been  increasing  interest  in  the  applications  of  po- 
larimctry  to  microwave  remote  sensing  of  gcophy.sical  terrain 
{Evani  el  a/.,  ISS8;  Wen  el  aL,  1988).  Some  of  the  prominent 
features  in  terrain  signatures  arc  a  pedestal  in  copolarization 
returns,  exhibition  of  partial  polarization  on  averaging  of  the 
return  signals,  and  a  phase  dilTcrcncc  between  vv  and  hh  po¬ 
larized  waves.  In  this  paper,  we  model  the  terrain  as  discrete 
scatterers  that  are  randomly  distributed  and  arc  governed  by 
orientation  and  size  distributions.  The  polarimctric  signatures 
arc  calculated  by  using  the  vector  radiative  transfer  theory. 
Two  cases  arc  considered:  Sparse  nonsphcrical  particles  and 
dense  media  with  multiple  species  of  particles. 

For  the  case  of  sparsely  distributed  nonsphcrical  particles, 
we  use  the  vector  radiative  transfer  theory  with  a  general 
nondiagonal  extinction  matrix  and  a  phase  matrix  that  are 
averaged  over  particle  sizes  and  orientations  {Tsang  el  al, 
1985).  The  Mueller  matrix  as  calculated  in  this  manner  is 
an  ensemble-averaged  quantity  due  to  the  inherent  nature  of 
the  radiative  transfer  theory.  Numerical  results  of  copolariza¬ 
tion  and  phase  diircrence  arc  illustrated  using  the  fir.st-ordcr 
and  second-order  solutions  of  the  Mueller  matrix.  The  inclu¬ 
sion  of  the  nondiagonal  extinction  matrix  yields  an  appreciable 
phase  diircrence  between  vv  and  hh  polarizations  particularly 
for  aligned  scatterers.  The  phase  difference  decreases  with  in¬ 
creasing  variance  of  orientation  of  the  scatterers.  There  gen¬ 
erally  exists  a  pedestal  in  the  copolarization  return. 

For  the  case  of  dense  media  with  multiple  species  of  parti¬ 
cles,  we  apply  the  dense  medium  radiative  transfer  theory.  The 


dense  medium  radiative  transfer  equations  have  been  derived 
to  take  into  account  correlated  scattering  effects  {Tseng  and 
Ishimaru,  1987;  Tsang,  1988).  The  pair  distribution  functions 
arc  calculated  by  using  the  Pcrcus-Ycvick  approximation  {Ding 
and  Tsang,  1988).  We  have  used  the  dense  medium  trans¬ 
fer  theory  to  explain  the  phenomenon  observed  in  laboratory 
experiments  {Kuga  and  Ishimaru,  1984)  which  indicate  that 
the  bistatic  intensity  first  increases  with  the  volume  fraction 
of  particles  until  a  maximum  is  reached,  and  then  decreases 
when  the  volume  fraction  further  increases.  Numerical  results 
of  radar  polarimelry  arc  illustrated.  It  is  shown  that  multiple 
scattering  also  gives  rise  to  a  pedestal  in  the  copolarization 
signature. 

Vector  Radiative  Transfer  Theory  for  a  Layer  of 
Sparsely  Distributed  Nonspherical  Particles 

Consider  a  collection  of  sparsely  distributed  nonspherical 
particles  with  permittivity  c,  embedded  in  a  background 
medium  with  permittivity  t  (region  1)  overlying  a  homoge¬ 
neous  dielectric  of  permittivity  tj  (region  2).  An  incident  wave 
is  launched  from  region  0  in  direction  (x  -  Bg,  ^„).  Region  0 
has  permittivity  (  which  is  the  same  as  that  of  the  background 
medium  of  region  1  (Figure  1). 

The  vector  radiative  transfer  equation  in  region  1  is,  for 
0<0<r,0<d<2f  {Tsang  el  al.,  1985) 


C0Sf)^7((?,l^,z)  =  -Kt{9,4))-1{B,4>,Z) 

-h  r  di>'  r  dB'  sin  B'V{B,  di  B',  <t>')  ■  1{B',  z)  (1) 
Jo  Jo 


where  1{B,  d,  z)  is  the  Stokes  vector  in  direction  {B,  and 
^B,d>-,B',d>')  is  the  pha.se  matrix.  The  extinction  matrix 
Iu{B,  Jf)  is  generally  nondiagonal  and  direction  dependent.  It 
not  only  dc.scribcs  the  extinction  rates,  but  also  contains  the 
propagation  constant  dilference  between  the  vertical  and  hor¬ 
izontal  polarized  waves.  The  elements  of  the  extinction  and 
phase  matrices  arc  expressed  entirely  in  terms  of  the  scattering 
function  amplitudes  that  arc  averaged  over  size  and  orienta¬ 
tion  distributions  of  particles.  It  is  important  to  note  that  the 
scattering  amplitude  has  to  be  evaluated  to  sufficient  accuracy. 
The  rule  of  thumb  is  to  calculate  them  up  to  the  leading  terms 
of  the  real  part  and  imaginary  part. 

The  scattered  Stokes  vector,  l,{0,,if>,)  =  !{0,,tp,,z  =:G),  is 
proportional  to  the  incident  Stokes  vector  /„  with  the  coupling 
described  by  the  MucUcr  matrix  M{B„<t>,;z-B„,il)a)  {Evans  el 
al.,  1988)  as 


(2) 
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VVc  note  that  tlic  Mueller  matrix  as  calenlated  here  is  an 
ensemble-averaged  (jiiantity  due  to  the  ensemble-averaged  na¬ 
ture  of  transport  theory.  The  phase  dilTerencc  between  vv  and 
hh  waves  is  defined  by 

where  is  the  ij  clement  of  M. 

Vector  Radiative  Transfer  Theory  for  Dense  Media 
with  Multiple  Species  of  Particles 

Consider  the  same  geometric  configuration  as  Figure  1  with 
region  1  now  occupied  by  densely  distributed  multiple  species 
of  spherical  particles  (Figure  2).  The  propagation  and  scat¬ 
tering  of  waves  in  region  I  is  governed  by  the  dense  medium 
radiative  transfer  equations.  The  important  parameters  for 
this  theory  are  effective  propagation  constant,  extinction  rate 
and  albedo.  They  can  be  expressed  in  terms  of  the  physical  pa¬ 
rameters  of  the  medium:  sizes,  concentrations,  and  dielectric 
properties  of  particles.  This  allows  us  to  study  the  electromag¬ 
netic  responses  of  media  directly  through  their  characteristics. 

Let  there  be  L  species  of  particles  in  the  medium  and  let  Sj 
be  the  species  index.  The  volume  fraction  =4rn,^a^^/3  of 
the  3j  species  can  be  appreciable  and  the  wavenumber  of 
.species  3j  can  be  substantially  different  from  the  background 
wavenumber  k.  The  quantities  a,^  and  n,,  are,  respectivef)', 
the  radius  and  the  number  density  of  particles  of  species  Sj. 
Generally,  the  effective  propagation  constant  K  is  complex  and 
/f'  =  fie(/f)>/ni(/f)  =  /<■".  The  imaginary  part  I("  accounts 
for  the  attenuation  of  a  coherent  wave  due  to  bith  absorp¬ 
tion  and  scattering.  For  small  spherical  particles,  ka,,  <  1, 
the  effective  propagation  constant  under  the  qiiasicrystalUne 
approximation  with  coherent  potential  is  given  by  (Ding  and 
Tsang,  1988) 

to  «  +  i2K'K" 

~  D(^)  ^•OuU<o)  |l  + 

L 


where  Ko  indicates  the  propagation  constant  when  the  scatter¬ 
ing  attenuation  is  ignored.  Ip  (1),  y,,(l<<,)  =  (k‘i.~0)l(3l<l-k 

^>1  =  1  -  fijVijiKo)  arc  functions  of 

Ko-  lltjuiv)  is  the  Fourier  transform  of  the  correlation  func¬ 
tion  k,j,f(r)  =  g,j,f(r)-l  and  is  the  pair  distribution 

function  of  two  particles  of  species  .iy  and  3i  separated  by  a 
distance  r. 

The  extinction  rate  is  equal  to  Kc  =  2f("  and  the  albedo 
S  is  given  as  {T3ang,  1988) 


f _ nvl 


<  c®  •/ f/f-l  iT' -  ,-3  rp' vp_3r/  t _ nvt  rev 
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The  dense  medium  radiative  transfer  equation  in  region  1  is, 
for  0  <  d  <  X,  0  <  (^  <  2x  ( Tsang,  I98S) 


d- 


cos0—l{0,  ij>,  z)  =  -Ktl(0,  d,  z)  -f- 


X  r  dd'  f  dO' sin  O' P{0,d\  O',  d') -7(9',  d',z) 
Jo  Jo 


(6) 


where  the  pha.se  matrix  P(0,d\0',d')  is  identical  to  the 
llaylcigh  phase  matrix  (Tsang  el  at.,  1985).  This  is  because 
of  the  small  particle  assumption  and  that  the  pair  distribution 
functions  arc  only  correlated  for  the  range  of  a  few  diameters 
which  arc  less  than  a  wavelength. 

The  dense  medium  radiative  transfer  equation  (6)  has  a  sim¬ 
ilar  form  to  that  of  the  conventional  radiative  transfer  equation 
except  that  the  expressions  for  Kj  and  w  are  different.  Thus, 
the  same  numerical  technique,  discrete  ordinate-eigenanalysis 
method  ( Tsang  el  al,  1985),  can  be  used  to  solve  tor  the  dense 
medium  radiative  transfer  equations  including  Stokes  vectors 
and  Mueller  matrices.  In  solving  the  radiative  transfer  equa¬ 
tions  numerically,  the  total  intensity  is  decomposed  into  re¬ 
duced  intensity  and  diffuse  intensity  (fVen  el  al.,  1988).  All 
orders  of  multiple  scattering  within  radiative  transfer  theory 
arc  included  in  this  numerical  solution. 

Comparison  with  Laboratory  Experiments 

To  validate  our  theoretical  models,  the  dense  medium  radia¬ 
tive  transfer  theory  is  used  to  explain  the  phenomena  observed 
in  the  controlled  laboratory  experiments  (Knga  and  Ishimaru, 
I98d).  The  laboratory  discrete  random  medium  is  comprised 
of  a  collection  of  latex  spheres  suspended  in  a  cell  with  wa¬ 
ter.  The  experiments  were  performed  by  measuring  bistatic 
intensities  over  a  wide  range  of  concentrations.  An  equivalent 
diameter  of  0.078/im  is  used  for  the  present  theoretical  com¬ 
putations.  A  loss  tangent  of  10'^  is  introduced  to  account  for 
a  slight  absorption  loss  in  the  latex  spheres.  For  comparison, 
we  also  show  the  numerical  results  based  on  the  conventional 
radiative  transfer  theory  which  assumes  independent  scatter¬ 
ing.  I  he  measured  and  calculated  bistatic  scattered  intensities 
as  a  function  of  fractional  volume  of  particles  are  illustrated 
in  Figure  3.  It  is  found  that  the  measured  bistatic  intensities 
first  increase  with  the  volume  fraction  of  particles  until  a  max¬ 
imum  is  reached,  and  then  decrease  as  the  volume  fraction  fur¬ 
ther  increases.  Comparison  with  both  conventional  and  dense 
medium  radiative  transfer  theories  indicates  that  the  results  of 
dense  medium  transfer  theory  contain  these  experimental  fea¬ 
tures  while  the  results  of  conventional  transfer  theory  predict 
a  monotonic  increase  with  concentration. 


Nuiimricnl  Ilc.siilts  of  Radar  Polarimetry 

By  making  n.se  of  the  eigenmatrix  of  the  extinction  matrix, 
the  vector  radiative  transfer  equation  (1)  can  be  cast  into  inte¬ 
gral  equations  containing  boundary  conditions  (Tsang  el  al, 
1985).  The  first-order  and  second-order  iteration  of  the  in¬ 
tegral  equations  give,  respectively,  the  first-order  and  second- 
order  solutions  of  the  Mueller  matrix.  In  Figures  4  and  5,  the 
copolarization  .signatures  are  illustrated  as  a  function  of  ellip- 
ticity  angle  x  and  orientation  angle  id.  The  results  in  Figure  4 
arc  based  on  the  first-order  theory  for  the  case  of  randomly  ori¬ 
ented  spheroids.  The  copolarization  return  exhibits  a  pedestal 
which  illustrates  the  effects  of  heterogeneity  of  scattcrers.  In 
Figure  5,  we  show  the  results  of  second-order  theory  for  a  half- 
space  medium  with  less  lossy  aligned  scattcrers. 

!n  Pszurp  fs  thr  .»  fytyvr 

tion  of  Euler  angle  02  "'ith  0i  =  0.  We  note  that  there  exists 
a  finite  (diasc  dilfcrcnce  for  aligned  scattcrers  (/?2  =  0).  This  is 
bccau.se  for  aligned  spheroids,  there  exist  two  effective  prop¬ 
agation  constants  that  arc  appreciably  different.  The  phase 
difference  is  also  larger  for  a  larger  angle  of  incidence.  How¬ 
ever,  as  02  increases  representing  an  increase  in  the  variance  of 
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orientation,  the  pliasc  (lilTercncn  decreases  which  implies  that 
the  elTective  anisotropy  of  the  medium  decreases. 

In  tlie  studies  of  remote  sensing  of  geopliysical  terrain,  very 
often  the  ground  truth  data  are  given  in  terms  of  a  histogram 
of  particle  size  distribution.  Therefore,  the  multiple  species 
model  is  applicable  to  a  medium  with  size  distribution.  A 
general  expression  for  particle  size  distribution  is  the  modified 
gamma  distribution  n(a)  = /fitt*’ exp  where  a  is  the 

size  of  particle  and  n(o)do  gives  the  number  of  partieles  per 
unit  volume  having  sizes  between  a  and  a  +  da.  For  a  medium 
with  particle  size  distribution,  we  can  discretize  the  continuous 
size  distribution  into  a  histogram  of  L  different  sizes  to  incor¬ 
porate  the  results  shown  above.  In  Figure  7,  we  illustrate  the 
numerical  results  of  copolarization  signatures  for  a  slab  of  snow 
medium  with  ice  particles  having  size  distributions.  We  note 
that  the  horizontal  polarization  produces  a  larger  return  than 
the  vertical  polarization,  while  circular  polarizations  give  min¬ 
imum  return  which  is  independent  of  orientation  angle.  The 
copolarization  also  shows  a  pedestal  that  has  been  observed  in 
SAIl  polarimetric  radar  data  {Evani  el  at.,  1988). 

CONCLUSIONS 

In  this  paper,  we  have  demonstrated  the  usefulness  of  the 
vector  radiative  transfer  theory  for  studying  polarimetric  sig¬ 
natures  of  random  discrete  scatterers.  In  the  case  of  a  sparse 
concentration  of  nonspherical  particles,  the  use  of  a  nondiag¬ 
onal  extinction  matrix  permits  the  explanation  of  the  phase 
differences  between  vv  and  hh  signatures  that  have  been  ob¬ 
served  in  polarimetric  remote  sensing.  \Vc  have  also  studied 
the  effects  of  orientation  distributions  and  second-order  scat¬ 
tering.  For  the  case  of  dense  media,  we  have  included  the  ef¬ 
fects  of  correlated  scatterers  and  have  corrected  the  deficiencies 
in  the  conventional  radiative  theory.  The  dense  medium  ra¬ 
diative  transfer  theory  explains  the  features  of  dependence  on 
concentration  observed  in  laboratory  controlled  experiments. 
VVe  have  studied  the  effects  of  multiple  scattering  and  effects 
of  correlated  scatterers  governed  by  particle  size  distribution. 
We  have  shown  that  generally  multiple  scattering  can  cause  a 
pedestal  in  the  return  signal. 
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Figure  1.  An  incident  plane  wave  impinging  upon  a  layer  of 
nonspherical  particles  overlying  a  homogeneous  half  space  of 
permittivity  cj. 
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Figure  2.  An  incident  plane  wave  impinging  upon  a  layer  of 
densely  distributed  spherical  particles  overlying  a  homoge¬ 
neous  half  space  of  permittivity  £j. 


Figure  3.  Normalized  bistatic  intensities  as  a  function  of 
fractional  volume  of  Latex  spheres.  The  dense  medium  ra¬ 
diative  transfer  theory  (DMT)  and  conventional  radiative 
transfer  theory  (CRT)  results  arc  compared  with  the  exper¬ 
imental  data  (o).  The  wavelength  of  laser  light  is  0.r)328/tm, 
the  index  of  refraction  is  1.588  plus  a  10“®  loss  tangent  for 
Latex  spheres  and  1.332  for  water,  the  equivalent  diameter 
of  Latex  spheres  is  0.078;rm,  and  the  slab  width  is  10mm. 
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Figure  4.  Copolarizalion  signatures  of  a  layer  of  randomly 
oriented  spheroids  based  on  first-order  theory,  frequency^ 
l.225G//a,  t,  =  (fi.5 -f  i0.5)roi  a  =  2.5cm,  c  =  0.25cm, 
fractional  volume  =  0.0055,  d  =  2.5m,  Cj  =  (15-fi2)£o, 
and  6a  =  0,  =  35°.  Orientation  distribution  is  governed  by 
/JlsO”,  and  /?2  =  90“.  <r  =  5.161  x  lO'*  at  =  x  =  0'‘- 


Figure  5.  Copolarization  .signatures  of  a  half-space  of  aligned 
spheroids  based  on  second-order  theory.  / rcqucncy  = 
1.225G//a,  £,  =  (6.5  +  »0.05)£o,  a  =  2.5cm,  c  =  0.25cm, 
fractional  volume  =  0.0055,  d  =  2.5m,  £2  =  (15-ft2)£„ 
and  00  =  ^,  =  35°.  Orientation  distribution  is  fli  =0°,  and 
02 -^O”.  (7  =  0.649  at  ^^=180°,  x  =  0°. 


Figure  6.  Phase  dilTerence  drh  based  on  first  order  theory  of 
a  layer  of  spheroids  as  a  function  of  orientation  distribution 
02  for  01  =  0°.  At  02  -*  0°  spheroids  are  aligned.  Two 
angles  of  incidence  Og  =  35°  and  Ob  =  60°  are  considered. 
frequency  —  1.225G/i2,  e,  =  (6.5-f  i0.5)£o,  a  =  2.5cm,  c  = 
0.25cm,  fractional  volume  =  0.0055,  d  =  2.5m,  and  £2  = 
(15-fi2)£„. 


Figure  7.  Co])olarization  signatures  of  a  layer  of  densely 
distributed  spherical  particles  based  on  the  dense  medium 
radiative  'ransfer  theory,  frequency  =  UGIiz,  £,  =(3.2-f 
«0.002)co,  d  =  27cm,  e2  =  (0+«0.6)£o,  So  =  40.8°,  and  0,  =  35°. 
The  particle  size  distribution  is  described  by  P  =  6,  <3  =  4, 
Oe  =  0.125cm,  and  /(„(=0.2.  <T  =  0.440at  1/1=180°,  X  =  0'’- 
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INFERENCE  OF  GEOPHYSICAL  PARAMETERS  FROM  MULTIFREQUENCY 
POLARIMETRIC  RADAR  OBSERVATIONS  AND  MODEL  INVERSION 
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ABSTRACT.  During  the  summer  of  1988  an  intensive  field  ex¬ 
periment  was  conducted  in  the  vicinity  of  Pisgah  lava  flow  in 
the  Mojave  Desert  in  southern  California.  As  part  of  the  experi¬ 
ment,  physical  properties  such  as  microtopography,  composition, 
soil  moisttje  and  dielectric  constant  at  five  different  sites  repre¬ 
senting  surfaces  with  r.m.s.  heights  varying  from  less  than  one 
centimeter  to  tens  of  centimeters  were  measured.  In  addition, 
polatimetric  radar  images  at  P-band  (67  cm  wavelength),  L-band 
(24  cm)  and  C-band  (5.6  cm)  were  acquired  at  three  different 
incidence  angles  with  the  NASA/JPL  airborne  imaging  radar  po- 
larimeter.  Using  trihedral  comer  reflectors  deployed  in  the  area 
prior  to  imaging,  the  L-  and  C-band  images  were  calibrated  to 
provide  a"  values  for  each  resoluti  in  element  in  the  scene.  This 
paper  reports  on  the  results  of  inferring  geophysical  parameters 
such  as  r.m.s.  surface  height  and  correlation  length  of  the  surfaces 
covered  by  our  measurements  by  fitting  the  observed  signatures 
with  those  predicted  by  the  small  perturbation  model.  The  re¬ 
sults  obtained  show  that,  for  smoother  surfaces,  the  r.m.s.  height 
values  inferred  are  in  good  agreement  with  in  situ  measurements. 

Keywords.  Radar  Polarimetry,  Radar  Scattering,  Model  Inver¬ 
sion. 

INTRODUCTION 

Radar  backscatter  from  rough  surfaces  is  influenced  by  both 
the  geometrical  and  electrical  properties  of  the  surface.  The  abil¬ 
ity  to  characterize  these  physical  properties  of  a  rough  surface 
is  fundamental  to  answering  many  questions  about  the  physical 
nature  of  the  earth’s  surface.  For  example,  the  roughness  of  lava 
flows  is  usually  a  function  of  composition,  eruption  characteris¬ 
tics  and  age.  TTie  dielectric  constant  of  land  surfaces  as  measured 
at  a  particular  microwave  frequency  is  a  function  of,  among  other 
things,  composition  and  soil  moisture  content 

During  the  week  of  29  May  -  3  June  1988,  an  extensive  field 
experiment,  the  Mojave  Field  Experiment  (MFE)  was  conducted 
in  the  Mojave  desert  of  southern  California.  The  overall  objec¬ 
tive  of  this  experiment  was  to  collect  simultaneous  data  from 
airborne  remote  sensing  instruments  of  geologically  interesting 
targets,  while  at  the  same  time  measuring  a  number  of  character¬ 
istics  of  those  targets  on  the  ground. 

This  paper  describes  the  results  of  inverting  the  radar  data 
for  surface  power  spectrum  and  r.m.s.  height.  Here,  we  shall 
restrict  our  discussion  of  results  to  inversions  using  the  small 
perturbation  model.  First,  we  describe  the  ground  data  collected 
during  the  field  experiment.  This  is  followed  by  a  description 
of  the  inversion  technique  used,  and  finally  the  results  of  the 
inversion  are  compared  to  the  in  situ  measurements. 


GROUND  DATA  COLLECTED 

Within  the  field  area,  at  Pisgah  lava  field,  five  sites  were 
selected  such  that  a  wide  range  of  roughness  and  geologic  sur¬ 
face  types  were  included.  For  each  site  a  10  m  by  10  m  area, 
relatively  uniform  in  roughness  and  soil  and  rock  type,  was  cho¬ 
sen  for  further  study.  In  these  10  m  by  10  m  areas,  detailed 
ground  measurements,  including  L-band  dielectric  constant  and 
soil  moisture,  were  made.  In  addition,  stereo  photographs  of 
each  site  were  taken  by  a  helicopter  carrying  twin  metric  framing 
cameras.  These  stereo  photographs  were  later  reduced  to  profiles 
of  the  surface  height,  allowing  us  to  estimate  the  power  spectra 
of  the  surfaces. 

For  the  purposes  of  this  paper,  we  shall  focus  attention  on 
three  of  the  six  sites  chosen.  These  three  sites  are  briefly  discussed 
below; 

Playa.  This  site  was  chosen  on  the  dry  lake  surface  of  Lavic 
Lake,  approximately  1  km  from  the  edge  of  Pisgah  lava  flow. 
The  surface  composition  was  measured  to  be  98%  clay,  with 
2%  basalt  gravel,  driftwood  and  metal  fragments.  Using  a 
dielectric  constant  probe,  the  L-band  dielectric  constant  was 
measured  to  be  2.36  +  i  0.2.  Measurements  of  the  moisture 
content  of  the  clay  ranged  between  1.72%  to  2.1%  water  by 
weight,  with  a  mean  of  1.88%  .  No  stereo  photography  of 
this  site  were  recorded,  so  profiles  recorded  the  previous  year 
were  used  to  estimate  the  r.m.s.  height  of  the  surface  as  0.63 
cm.  Since  only  two  profiles  were  available,  no  estimate  of 
the  error  on  this  measurement  can  be  given. 

Pavement.  This  site  was  also  located  on  Lavic  Lake  ap¬ 
proximately  200  m  south  of  the  edge  of  Pisgah  lava  flow. 
Approximately  50%  of  the  playa  surface  is  covered  with  an¬ 
gular  basalt  fragments  ranging  from  gravel  to  cobble  size. 
The  dielectric  constant  of  the  basalt  fragments  was  measured 
in  the  laboratory  to  be  about  5.0  +  i  0  at  both  L-band  and 
C-band.  The  r.m.s.  height  of  the  surface  as  estimated  from 
profiles  derived  from  stereo  photographs,  was  measured  to  be 
0.95  ±  0.23  cm. 

Pahoehoe.  This  site  was  located  on  an  older  pahochoe  flow 
within  the  Pisgah  volcanic  field,  approximately  500  m  from 
the  lake  bed.  The  surface  is  fairly  level  with  low  undula¬ 
tions  (approximately  5  m  wavelength).  Vegetation  is  widely 
spaced  (less  than  5%  cover),  and  is  composed  primarily  of 
low  bushes,  shrubs  and  grasses.  There  are  some  patches  of 
bedrock  present  (about  9%  of  the  surface),  but  most  of  the 
surface  is  covered  with  pebbles  and  gravels  (62%).  Clay  and 
silt  are  found  in  the  intersiclcs  and  vesicles  of  the  lava.  Lab¬ 
oratory  measurements  put  the  dielectric  constant  of  the  rocks 
at  4.5  +  i  0  for  both  l^band  and  C-band.  The  r.m.s.  height 
of  the  surface  was  measured  to  be  2.97  ±  1.24  cm. 
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RADAR  DATA  CALIBRATION 

A  calibration  technique  developed  by  us  was  used  to  calibrate 
the  three-frequency  radar  data  set.  Tltis  technique,  described  in 
detail  elsewhere  (van  Zyl,  1989),  is  based  on  the  theoretical  result 
that  the  co-polarized  response  (HH  or  VV)  and  the  cross-polanzed 
response  (HV)  of  rough  surfaces  are  uncorrelated.  This  result  is 
used  to  estimate  and  remove  system  cross-talk  from  the  radar  data. 
The  co-channel  imbalance  is  then  calibrated  using  the  responses 
measured  from  trihedral  comer  reflectors  that  were  deployed  in 
the  area  prior  to  imaging.  Finally,  an  overall  radiometric  calibra¬ 
tion  is  performed  using  the  trihedral  corner  reflector  responses. 
The  result  is  a  three-frequency  radar  data  set  with  calibrated  <7® 
values.  The  size  of  the  corner  reflectors  used,  plus  the  presence 
of  spurious  signals  from  unknown  sources  on  the  ground,  com¬ 
promised  the  utility  of  the  P-band  data.  The  interference  from 
the  unknown  sources  is  especially  severe  for  low-backscatter  tar¬ 
gets,  such  as  the  smooth  playa,  making  the  P-band  results  for  this 
surface  type  suspect. 


incidence  angle  curve  was  derived  for  each  frequency  from  the 
original  radar  data  for  each  of  the  three  classes  used  in  the  rest 
of  this  study  as  shown  in  Figure  1(b)  for  the  playa  class.  Curves 
were  derived  for  both  and  (7®,,.  Using  the  information  about 
the  dielectric  constants  measured  in  the  ground  data  collection 
in  (1),  we  then  calculated  three  sections  of  the  power  spectrum 
using  the  multiple  incidence  angle  information  at  each  frequency, 
as  shown  in  Figure  1(c).  To  estimate  the  r.m.s.  height  and  corre¬ 
lation  length  of  the  surfaces,  we  fitted  the  function 


\V(K)  = 


2/, 2(2 

(1  -I-  A'2/2)V2 


(5) 


corresponding  to  the  power  spectrum  of  a  surface  with  an  expo¬ 
nential  correlation  function  to  the  segments  of  the  power  spectrum 
calculated  from  the  radar  data,  as  shown  in  Figure  1(d). 

RESULTS  AND  DISCUSSION 


MODEL  INVERSION  APPROACH 

The  first-order  small  perturbation  model  was  used  to  invert 
the  radar  data  to  estimate  the  surface  power  specuum.  Since  the 
small  perturbation  model  is  only  valid  for  very  smooth  surfaces, 
the  technique  was  only  applied  to  the  smoothest  three  classes  of 
surfaces  present  in  the  radar  images.  According  to  the  first-order 
small  perturbation  model,  the  predicted  radar  cross  sections  of  a 
smooth  surface  are  given  by  (Tsang,  ei  al.,  1985) 


<7jj,=4A-^cos‘'(d)|a„pIl''(2A-osin(d)),  xx  =  lili.vv  (1) 

where 


( cos(d)  +  Vc-si^(^) 

_  (e  -  l)(c(l  +sin2(0))  -  sin^(d))  ,,, 

(  ecos(d)  +  \/e  -sin2(d)  )2 

IFf/f )  is  the  power  spectrum  of  the  surface  sampled  at  the  spatial 
wavenumber  K,  and  A-q  is  the  wavenumber  of  the  radar  wave.  If 
the  incidence  angle,  0,  and  the  dielectric  constant  e  of  the  surface 
is  known,  the  value  of  the  power  spectrum  for  spatial  wavenumber 
K  =  2A-osin(d)  can  be  calculated  from  (1).  It  should  be  pointed 
out  that  the  small  perturbation  model  is  strictly  only  valid  for  very 
smooth  surfaces,  i.e.  (Ulaby  et  al.,  1982) 


h  <  A/20, 

(4) 

Vlh/l  <  0.3, 

(5) 

where  h  is  the  surface  r.m.s.  height  and  t  is  the  surface  correlation 
length.  We  note  from  the  measured  values  quoted  in  the  previous 
section  that  all  three  surface  classes  satisfy  (4)  at  P-band,  only  the 
playa  and  the  pavement  sites  satisfy  (4)  at  L-band,  and  all  three 
surfaces  are  strictly  speaking  too  rough  to  apply  the  small  per¬ 
turbation  model  at  C-band.  We  shall  now  describe  how  we  used 
(1)  to  estimate  the  power  spectra  of  the  three  surfaces  described 
in  the  previous  section. 

The  approach  is  shown  schematically  in  Figure  1.  First,  the 
radar  images  were  segmented  into  six  classes  using  an  unsuper¬ 
vised  tone  and  texture  clustering  algorithm.  For  a  description  of 
the  algorithm  and  features  used,  the  interested  reader  is  referred 
to  a  companion  paper  elsewhere  in  these  Proceedings  (Burnette 
et  al.,  1989).  Using  this  segmentation  information,  a  <7®  versus 


In  Figure  2(a)  -  (c)  we  show  comparisons  of  the  power  spectra 
inferred  from  the  radar  data  and  those  calculated  from  the  mea¬ 
sured  surface  profiles  of  the  three  surface  types  described  earlier. 
While  in  general  we  observe  very  good  agreement  between  the 
measured  power  spectra  and  those  inferred  from  the  radar  data, 
a  few  additional  conclusions  may  be  drawn  from  the  results  pre¬ 
sented. 


First,  the  results  for  the  playa  (Figure  2(a))  and  the  pahoe- 
hoe  (Figure  2(c))  show  that  the  functional  form  (5)  assumed  for 
the  power  spectrum  is  not  correct  for  all  surfaces.  While  this 
functional  form  appears  to  have  the  correct  overall  behavior,  i.e. 
for  small  K,  the  power  spectrum  should  be  constant,  while  for 
large  values  of  K  the  power  spectrum  should  drop  off  as  K~", 
»i  =  3  does  not  appear  to  be  the  conect  value  for  the  playa  and 
the  pahoehoc  surfaces.  Thus,  a  more  general  functional  form, 
perhaps 


WHO  = 


A 

(1  + 


(6) 


should  be  used  to  fit  the  inferred  segments  of  the  power  spectra. 

Secondly,  we  notice  that  the  r.m.s.  height  of  the  playa  was 
over-estimated  by  about  a  factor  of  2.5  and  the  r.m.s.  height  of 
the  pavement  site  was  over-estimated  by  about  40%.  While  there 
may  be  numerous  explanations  for  these  results,  we  believe  that, 
at  least  in  the  case  of  the  playa  surface,  subsurface  scattering  may 
contribute  to  the  over-estimation  of  the  r.m.s.  height.  More  work 
is  needed,  however,  before  any  definite  conclusions  can  be  drawn. 

In  this  paper,  we  have  shown  some  results  of  estimating  phys¬ 
ical  surface  parameters,  such  as  the  power  spectrum,  from  multi- 
frequency  radar  data.  While  the  present  technique  is  only  applica¬ 
ble  to  smooth  surfaces,  we  have  found  good  agreement  between 
inferred  parameters  and  those  measured  in  situ.  Future  work  will 
concentrate  on  extending  the  current  technique  to  rougher  sur¬ 
faces. 
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SEGMENTED  IMAGE 


(a) 


INCIDENCE  ANGLE  IN  DEGREES 

(b) 


LOG(  2  K  SIN(THETA) )  Lqqj  g  K  SIN(THETA) ) 


(C) 


(d) 


Figure  1.  Schematic  of  inversion  technique.  First,  the  tliree-frequency  radar  images  are  seg¬ 
mented  into  six  classes.  Illustrated  in  (a)  is  the  class  with  the  smoothest  surface  type.  The 
segmentation  information  is  then  used  to  consoruct  a  curve  of  <7°  as  a  function  of  incidence  an¬ 
gle,  at  each  frequency,  as  shown  in  (b)  for  the  playa  class.  Three  .sections  of  the  power  spectrum, 
one  corresponding  to  each  frequency,  is  then  calculatea  using  the  measured  dielectric  constant 
■•.ifomiation.  The  result  is  shown  (c).  Finally,  a  function  of  t!ie  form  given  by  (6)  is  fitted  to  the 
thre,:  segments  of  the  power  spectrum.  The  final  result  is  shown  in  (d)  for  the  playa  class. 
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Figure  2.  Comparison  of  the  measured  (full  lines)  and  inferred 
(dashed  lines)  power  spectra  for  the  playa  (a),  the  pavement  (b) 
and  the  pahoehoe  (c)  classes  in  the  Pisgah  images.  Also  shown 
are  the  measured  and  inferred  r.m.s.  heights. 
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ABSTRACT 

During  the  entire  growing  season  of  1987,  FH 
microwave  scatterometer  measurements  in  three 
frequency  bands  (L,  C,  and  Ku) ,  at  ten  incidence 
angles  and  at  four  polarization  modes  (IIH.  HV,  VH,  VV) 
were  acquired  in  Saskatchewan  for  agricultural  test 
plots  of  wheat.  Concurrently  with  the  radar 
measurements,  both  crop  and  soil  data  wore  collected. 
For  identification  of  the  relative  Importance  of  the 
agricultural  parameters  upon  the  radar  signal,  a 
linear  correlation  model  between  the  differential 
scattering  coefficient  a'  and  five  agricultural 
parameters  (topsoil  and  subsoil  moisture,  plant  water 
content,  dry  green  biomass,  and  leaf  area  index)  has 
been  developed.  In  this  paper  the  regression  model 
results  are  presented. 

Keywords:  scattering  coefficient,  agricultural 
parameters,  linear  regression,  frequency  band, 
polarization,  row  aspect  angle. 

INTRODUCTION 

During  the  1987  agricultural  growing  season 
radar  measurements  and  corresponding  crop  and  soil 
measurements  on  various  agricultural  crops  common  to 
Western  Canada  were  gathered.  This  paper  spuclfically 
is  concerned  with  the  measurements  acquired  on  test 
plots  of  spring  wheat.  The  variety  of  spring  wheat 
grown  was  Katepawa. 

MEASUREMENT  PROCEDURE 

Measurements  for  the  differential  scattering 
coefficient  a*  were  collected  using  microwave  FM 
scatterometters  operating  at  the  three  frequency  bands 
L,  C,  and  Ku.  In  each  band,  measurements  were  made  In 
four  polarization  modes  Hlf,  HV,  VH,  and  W  and  at  ten 
incidence  angles  ranging  from  10*  to  70*.  In  this 
paper  only  measurements  of  the  like  polarizations,  HH 
and  W,  are  presented. 

Concurrently  with  the  radar  measurements, 
agricultural  measurements  related  to  plant  and  soil 
characteristics  were  collected.  Gravimetric  soil 
moisture  measurements  were  taken  for  depth  ranges  0  to 
5  centimetres  and  5  to  15  centimetres  and  arc  denoted 
hero  as  topsoil  and  subsoil,  respectively.  Canopy 
measurements  included  wheat  canopy  development 
interval,  plant  height,  leaf  area,  and  information 
required  for  biomass  values. 


The  observations  for  the  analysis  presented  here 
were  taken  on  test  Plot  13  from  July  13,  1987  (Day 
Number  19A)  to  August  26,  1987  (Day  Number  238).  The 
crop  was  60  centimetres  in  height  and  the  heads  were 
starting  to  develop  on  July  13.  The  observations  were 
gathered  over  the  subsequent  development  stages  - 
flowering,  milk  stage,  soft  dough  -  until  August  26 
when  the  crop  was  in  the  later  stages  of  soft  dough. 

It  would  have  been  interesting  to  divide  this  time 
period  by  about  half,  but  there  would  have  been 
insufficient  observations  for  a  meaningful 
multivariate  linear  regression  analysis. 

MICROWAVE  DATA 

In  figure  1  a  3-dlmenslonal  graph  of  all  the 
radar  observations  collected  during  the  1987  growing 
season  for  C-band  HH  polarization  looking  parallel  to 
the  furrows  is  presented.  This  graph  is 
representative  of  the  general  shape  of  the  graphs 
found  for  all  the  band-polarization  combinations. 
Several  key  points  can  be  observed  from  this  graph: 
one,  the  radar  signal  varies  over  time,  which 
indicates  that  the  radar  is  sensitive  to  changes  which 
occur  in  the  scene,  and  two,  more  Importantly,  the 
lower  incidence  angles  are  more  sensitive  to  changes 
which  occur.  Most  of  the  temporal  variation  can  be 
attributed  to  fluctuations  in  topsoil  moisture 
content.  At  the  lower  incidence  angles  there  are 
higher  a‘  values  which  appear  to  vary  more  when  a 
change  occurs.  The  observation  that  o*  is  stronger  at 
low  incidence  angles  and  that  sensitivity  to  change  is 
greater  at  low  incidence  angles  are,  to  some  degree, 
dependent  on  each  other.  This  decrease  in  sensitivity 
a.s  incidence  angle  increases  has  been  observed  by 
others  (Ref.  1), 

The  model  selection  analysis,  which  will  shortly 
be  presented,  tends  to  break  down  at  the  higher 
incidence  angles.  This  may  be  explained  by  the  fact 
that  the  radars  are  less  sensitive  to  change  at  these 
angles.  The  radars  may  well  be  able  to  detect  the 
changes,  but  the  changes  may  be  Interpreted  as  random 
error  due  to  the  nature  of  linear  regression. 

REGRESSION  ANALYSIS 

Multivariate  linear  regression  analysis  and  a 
model  selection  procedure  were  used  to  investigate  how 
plant  and  soil  characteristics  influence  the 
scattering  coefficient  <7°.  The  model  selection 
process  used  is  known  as  'stepwise'.  'Stepwise' 
basically  will  only  allow  parameters  into  the  model 
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which  have  met  a  preset  significance  level.  The 
agricultural  variables  selected  to  bo  modelled  with 
the  radar  measurements  were:  gravimetric  topsoil  and 
subsoil  moisture  content,  dry  green  biomass,  plant 
water  content  (expressed  in  absolute  terms  of  kg/ra") , 
and  leaf  area  index  (LAI).  These  agricultural 
parameters  were  selected  since  they  describe 
fundamental  properties  associated  with  scattering. 

In  figures  2a  and  2b  the  results  of  the  model 
selection  procedure  are  presented.  The  radar 
measurements  for  each  Incidence  angle  have  been 
modelled  against  the  agricultural  parameters  and  their 
contribution  to  the  model.  If  any.  Is  displayed  In  the 
bar  graph.  The  predictor  variables  are  those 
variables.  In  this  case  the  agricultural  variables, 
which  influence  the  response  variable,  the  scattering 
coefficient  o' .  The  graphs  in  figures  2  and  3  present 
the  contributions  of  each  Individual  predictor 
variable,  which  has  been  entered  Into  a  model,  to  the 
total  multiple  coefficient  of  determination,  R^.  The 
multiple  coefficient  of  determination  Indicates  how 
well  the  predictor  variables  explain  variation  in  o° 
the  response  variable.  An  value  of  say,  R^  -  0.88, 
would  Indicate  that  the  selected  model  Is  able  to 
explain  88%  of  the  variation  In  the  response  variable. 

Radar  measurements  were  collected  looking  both 
parallel  (RAA  -  0*  were  RAA  stands  for  the  Row  Aspect 
Angle)  to  the  furrows  and  perpendicular  (RAA  -  90*)  to 
the  furrows.  Just  as  the  human  eye  detects 
differences  between  observations  made  parallel  and 
perpendicular  to  the  furrows.  It  can  be  expected  that 
differences  In  scattering  will  be  detected  at 
microwave  frequencies.  Consider  a  scene  with  a  mature 
wheat  canopy.  When  looking  parallel  to  the  furrows 
the  human  eye  Is  able  to  detect  soil  between  the 
furrows  as  well  as  the  rows  of  plant  material.  This 
Is  especially  true  of  the  analysis  presented  here 
since,  during  the  1987  growing  season  a  moderate 
drought  was  experienced.  In  contrast,  when  one  looks 
perpendicular  to  the  furrows,  only  plant  material  Is 
detected.  Of  course,  the  radar  signals  penetrate  the 
crops  more  effectively  than  visible  light,  but  a 
difference  between  RAA  0*  and  RAA  90*  Is  still 
expected. 

DISCUSSION  OF  REGRESSION  RESULTS 

Some  Interesting  effects  can  be  seen  by 
comparing  the  different  row  aspect  angles.  As  well  as 
differences  in  scattering  between  the  frequency  bands, 
there  are  differences  between  polarization  states 
within  a  given  frequency  band. 

For  L-band  HH  polarization  both  row  aspect 
angles  Indicate  similar  results;  a°  Is  strongly 
Influenced  by  topsoil  moisture  content  over  all 
Incidence  angles.  The  next  predictor  variable  which 
shows  a  consistent  contribution  Is  subsoil  moisture, 
although  Its  contribution  to  the  models  Is  not  as 
large  as  topsoil  moisture.  W  polarization  shows  the 
same  type  of  result  as  HH  with  regard  to  topsoil 
moisture  content.  For  W,  the  contribution  of  plant 
characteristics  is  greater  then  for  the  HH 
polarlzatluii  case.  Tills  is  true  especially  at  bU’  and 
70*  incidence  angle  for  RAA  -  90*,  where  LAI  becomes 
the  primary  contributor  to  the  variation  of  o'.  This 
may  be  attributed  to  the  fact  that,  at  the  high 
Incidence  angles,  the  Incident  radiation  must 
transverse  more  crop,  hence  interacting  more  with  the 
canopy  before  striking  the  soil.  The  fact  that  the 
wheat  plants  ore  vertically  oriented  may  explain  why 
this  effect  is  present  in  W  but  not  HH  polarization. 


Plot  13  CHH  RAA=0 


Figure  1:  Three  dimensional  graph  of  o*  versus 
Incidence  angle  and  day  number.  This 
graph  represents  all  the  o* 
measurements  taken  on  wheat  test  Plot 
13  at  Row  Aspect  Angle  0“  for  C-band 
HH  polarization  for  the  1987  growing 
season. 


The  fact  that  plant  effects  are  indicated  as  being  the 
major  contributors  to  scattering  for  W  polarization 
at  high  incidence  angles  for  RAA  -  90*  and  not  for  RAA 
-  0*  may  be  explained  by  the  fact  that  at  RAA  -  0*  the 
soil  surface  Is  only  partially  masked  by  the  crop 
canopy,  and  hence  the  radar  beam  can  penetrate  to  Is 
able  to  Interact  with  the  soil. 

Similarly  to  L-band,  C-band  HH  polarization  for 
both  row  aspect  angles  Is  primarily  sensitive  to 
topsoil  moisture  content  except  at  the  higher 
Incidence  angles  of  60*  and  70*  where,  unlike  L-band, 
plant  characteristics  appear  In  the  models.  The  graph 
of  HH  polarization  at  RAA  -  90*  Indicates  chat  most 
models  fitted  poorly.  At  the  lower  Incidence  angles 
for  C-band  W  polarization  topsoil  moisture  content  Is 
the  dominant  contributing  factor.  For  the  high 
Incidence  angles  at  RAA  -  0* ,  the  linear  model  did  not 
fit  the  data.  This  may  result  from  one  or  more  of  the 
following:  some  parameters  may  just  miss  the 
significance  level  for  entry  Into  the  linear  model;  a 
nonlinear  model  may  be  appropriate;  the  most  Important 
physical  parameters  are  missing  from  the  analysis. 

For  RAA  -  90*  It  may  be  observed  that  plant  parameters 
become  Uie  majot  ooitLilbotois  Co  the  models  Soai...,.iig 
at  lower  Incidence  angles  for  VV  polarization  than  for 
HH  polarization.  This  Is  also  the  situation  when 
comparing  C-band  to  L-band  for  W  polarization  at  RAA 
-  90*. 

An  unusual  effect  in  both  the  L-band  and  C-band 
modelling  analysis  Is  the  change  In  the  general 
modelling  trend  at  Incidence  angles  of  20*  to  30*.  At 
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Figure  2:  Bar  graphs  showing  the  contribution  of  the 

agricultural  parameters,  by  use  of  the  multiple 
coefficient  of  determination  to  the  lli  ar 
regression  models.  Figure  2a  (top)  repress ■ts 
measurements  taken  with  the  radars  looking 
parallel  to  the  furrows  (RAA  -  0*)  and  figure  2b 
(bottom)  represents  measurements  taken  when 
looking  perpendicular  to  the  furrows  (RM  -  90*). 
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these  angles,  a  plant  characteristic  is  indicated  as 
being  the  dominant  contributor  to  the  model  or  no  fit 
to  the  model  is  indicated  at  all.  This  seems  very 
unusual  so,  as  a  check  the  same  analysis  was  performed 
on  another  test  plot  which  was  directly  adjacent  to 
Plot  13  and  seeded  on  the  same  date,  although  at  a 
lower  density.  Though  not  as  pronounced,  this  trend 
to  dominance  by  a  plant  characteristic  was  evident. 

For  the  Ku-band  radar,  both  HH  and  W 
polarizations  at  a  row  aspect  angle  of  0*  show 
incidence  angles  where  no  parameters  fit  the  linear 
model.  Where  parameters  do  fit  the  models,  the  low 
incidence  angles  are  soil  dependent  and  the  high 
incidence  angles  are  plant  dependent.  For  RAA  -  90*, 
it  is  easily  seen  that  HH  polarization  is  much  more 
sensitive  to  plant  characteristics  than  is  W 
polarization.  In  comparing  Ku-band  HH  polarization 
for  row  aspect  angles  0*  and  90* ,  it  is  obvious  that 
at  RAA  -  90*  the  scattering  is  dominated  by  the  plant 
characteristic  LAI  and  at  RAA  -  0*  this  is  obviously 
not  the  situation.  The  presence  of  topsoil  moisture 
content  at  10*  Incidence  angle  for  RAA  -  90*  is 
obviously  due  to  the  ease  of  signal  penetration  to  the 
ground  at  near  vertical  Incidence.  For  W 
polarization  at  RAA  -  0*  soil  effects  are  dominant  at 
the  lower  incidence  angles  and  plant  effects  appear  at 
the  higher  incidence  angles.  For  RAA  -  90*  the  lower 
incidence  angles  have  both  soil  and  plant 
characteristics  appearing  thus  indicating  scattering 
is  due  to  both.  No  linear  fit  models  were  found  for 
the  higher  Incidence  angles. 

CONCLUSIONS 

The  linear  regression  analysis  of  agricultural 
parameters  on  the  scattering  coefficient  o'  for  a 
wheat  canopy  has,  as  have  ocher  papers  (Ref. 
1,5,6,7,8,9) ,  shown  the  following; 

•  at  L-band,  soil  parameters  are  dominant  in  the 
scattering  process  whereas  at  Ku-band  plant 
parameters  are  dominant;  at  C-band,  soil  and 
plant  parameter  contributions  are  roughly 
comparable . 

-  the  scattering  process  is  affected  by  whether 
the  radars  are  looking  parallel  or  perpendicular 
to  the  furrows. 
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-  for  a  given  band,  the  polarization  modes  HH 
and  W  indicate  that  scattering  is  orientation 
dependent;  that  is,  scattering  from  a  wheat 
canopy  is  anisotropic. 

-  for  a  row  aspect  angle  of  90*,  the  linear 
regression  models  indicate  that,  for  L-band  and 
C-band,  plant  parameters  are  more  important  to 
the  scattering  process  for  W  polarization  than 
for  HH  polarization,  but  in  Ku-band  this  is 
reversed.  A  trend  such  as  this  is  not  obvious 
for  a  row  aspect  angle  of  0* . 
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ABSTRACT/RESUME 

This  paper  presents  an  experimental  and  theoretical 
study  of  the  radar  backscatter  sensitivity  to  multi- 
scale  geometry  of  agricultural  fields.  Theoretical 
modelling  is  validated  using  airborne  C-band  SAR  data, 
and  vill  aim  at  the  derivation  of  simple  soil  moisture 
inversion  models.  The  three  geometric  components  of  the 
surface  have  shown  to  Induce  significant  backscatter 
variations:  1)  at  least  2  dB  from  the  random  roughness 
(soil  clods);  2)  up  to  10  dB  from  periodic  roughness 
(row  crops  and  tillage)  and  3)  the  large  scale  drainage 
pattern  has  induced  periodic  backscatter  variations  (up 
to  4  dB)  due  to  both  geometric  effects  and  surface  soil 
moisture  profiles.  The  results  show  that  soil  moisture 
inversion  from  airborne  SAR  data  is  improbable. 
However,  inversion  using  future  spaceborne  SARs  appears 
highly  probable  because  backscatter  sensitivity  to  all 
surface  components  is  minimized  (2  to  4  dB)  around  20* 
incidence  angle,  and  the  use  of  a  simple  inversion 
model  should  be  possible. 

KEYWORDS:  airborne  C-SAR  data,  backscatter  modelling, 
agriculture,  surface  geometry,  soil  roughness,  soil 
moisture. 

I .  INTRODUCTION 

Estimates  of  soil  moisture  are  of  great  importance  in 
numerous  environmental  studies.  Including  hydrology, 
meteorology  and  agriculture.  Active  microwave  sensors 
have  proven  potential  to  provide  soil  moisture  on  a 
quantitative  basis,  in  various  operating  circumstances 
(1).  Numerous  previous  scatterometer  studies  have  shown 
Che  relative  contribution  of  soil  random  roughness  and 
surface  moisture  to  the  C-band  backscatter,  and  have 
determined  the  best  configuration  for  soil  moisture 
detection:  C-band,  HH,  incidence  angle  around  15*  (2)- 

141- 

To  prepare  for  future  spaceborne  C-band  SARs,  ERS- 
1  (1990)  and  RADARSAT  (1994),  for  soil  moisture 
estimation,  one  of  the  main  objectives  of  Canadian 
airborne  SAR  agricultural  experiments  has  beer,  to  go 
beyond  scatteroraeters  studies  to  a  wider  range  of 
surface  types  and  conditions  encountered  in  the 
reality,  in  view  of  soil  moisture  inversion. 

Following  experimental  results  (5),  this  paper  presents 
further  investigations  of  C-band  backscatter 
sensitivity  to  surface  multi-scale  geometry  of  bare 
flelds/row  crops  at  early  growth  stage.  The  approach  is 
CO  1)  validate  theoretical  modelling  using  the  SAR  data 


set,  and  2)  extend  observations  of  the  limited  C-SAR 
data  set  to  a  wider  range  of  conditions  (radar  and 
scene),  using  Che  validated  models. 

2.  EXPERIMENTAL  SETTING 

2.1  .Site  descrlotion 

The  test  sice  is  a  80  km*  flat  agricultural  area,  in 
the  Quybec  Sc-Lawrence  Lowlands,  Canada.  Land  use 
consists  of  grain  crops  (corn,  emergence  stage;  wheat 
and  barley,  end  of  clllerage  stage),  potatoes 
(emergence  stage),  pasture,  grassland  and  wood  stands. 
General  azimuth  of  the  rectangular  fields  is  N40*E. 
Field  surfaces  show  various  combinations  of  three 
geometric  components: 


Figure  1)  Multi-scale  geometry  of  field  surfaces.  A)  Small  and  Medium  random 
roughness  (soil  clods),  B)  Medium  Periodic  roughness  (row  crops  and  tillage) 
C)  Large  Periodic  toughness  (drainage  pattern). 


1)  Roughness  of  soil  clods  (Fig.  la),  due  to  natural 
aggregation,  weathering  and  tillage,  present  on  all 
fields  at  a  small  (mm)  and  medium  (cm)  scale. 
Mathematically,  it  is  assimilated  to  a  gaussian  and 
isotropic  random  process  (scationnary) ,  described  by 
the  surface  RMS  height  s  and  the  correlation  length  1 
given  by  the  correlation  fonctlon  p(f).  We  refer  to 
this  roughness  as  "Small  and  Medium  Random  (SR) 
roughness  ” . 

2)  Roughness  of  tillsge  pattern  and  ro«  crop  ridges, 
due  to  cultural  practices  (Fig.  lb).  This  medium-scale 
(cm)  roughness  is  periodic  in  the  y  direction,  and  can 
be  described  by  the  height  and  spatial  period  T„ 
of  the  pattern.  We  call  it  "  IJcdium  £erlodlc  (MP) 
roughness  " . 

3)  Roughness  of  large  drainage  pattern  (Fig.  Ic)  is  a 
large-scale  (ra)  convex  profiling  of  the  surface,  in 
the  y  direction.  This  permanent  "swell  and  swale" 
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paccecn  Is  a  common  agricultural  practices  In  the  St- 
Laurence  Lowlands,  where  It  Is  used  to  compensate  for 
Insufficient  natural  soil  drainage.  This  pattern  can  be 
described  by  Its  height  and  spatial  period  Tj^  and 
we  will  refer  to  It  "  Large  £erlodlc  *^(LP) 
roughness  ” . 

Observed  roughness  combinations  are:  SR  /  HP+SR  / 
LP+MP+SR  /  LP+SR.  The  MP  roughness  Is  somewhat 
difficult  to  separate  from  the  SR  roughness  (similar 
scale)  For  all  combinations,  along-fleld  direction  x 
Is  assumed  to  contain  only  the  SR  roughness.  Many 
surface  pattern  variations  can  be  found  for  a  given 
land  use,  depending  on  cultural  practices,  weathering, 
soil  type. 

2.2  SAR  data 

The  Canada  Centre  for  Remote  Sensing  (CCRS)  C-SAR 
Airborne  Radar  (6)  was  flown  over  the  test  site  on  June 
11  1987.  The  images  (amplitude  7 -look)  have  been 
acquired  In  the  HH  mode  with  a  high  resolution  mode 
(6m).  To  Increase  the  SAR  configurations,  including  the 
look  angle  6  (relative  to  field  orientation)  and 
incidence  angle  0.  three  flight  lines  were  used,  N40*E 
(8-90*),  N130*E  (6-0*)  and  N160*E  (R-30*).  with  two 
acquisition  modes  :  "Nadir"  (20*<Q<7A*)  and  "Narrow 
Swath"  (45*<S<76*),  for  a  total  of  6  Images. 

2 . 3  Ground  data 

Fifty  (50)  fields  with  varied  land  uses  have  been 
sampled  for  surface  parameters,  Soil  gravimetric  and 
volumetric  moisture  (M  and  top  5cm)  was  extracted 
along  a  diagonal  transect.  H,,  show  largo  variations 
(20%  to  50%)  due  to  heavy  rains  during  the  preceeding 
days.  Usual  canopy  characteristics  were  acquired;  crop 
type,  growth  stage,  plant  height  and  density,  row 
direction  and  spacing. 

Sampling  of  roughness  parameters  was  done  in  2  ways: 
1)  direct  measurements  of  height  and  spatial  period  of 
MF  and  LP  roughness,  using  a  surveyor's  level  for  the 
drainage  pattern;  2)  Indirect  measurements  of  kMS 
height  s  and  correlation  length  1  of  SR  roughness,  from 
ground  profiles  acquired  with  an  electronic  device 
developed  at  CARTEL  (7),  Paired  profiles  were  acquired 
(3m  long,  1cm  step),  one  parallel  and  the  ocher 
transverse  to  the  periodic  pattern,  for  13  typical 
fields  (tilled,  harrowed,  leveled,  or  row  crops),  s  and 
1  are  derived  in  2  fashions'  1)  from  parallel  profiles 
(only  SR  roughness)  or  perpendicular  ones  without  MP 
roughness;  2)  from  perpendicular  profiles,  splicing  the 
roughness  spectrum  into  Its  random  and  periodic  parts. 


To  model  the  backscatterlng  coefficient  a'  with  respect 
to  field  types  encountered,  we  integrated  existing 
scattering  models  in  a  global  model,  which  needs  as 
input  1)  the  soil  relative  complex  dielectric  constant 
<j.  and  2)  a  set  of  parameters  accounting  for  the 
surface  geometry. 

<j.  is  simulated  using  the  empirical  model  developed  by 
Halllkalnen  et  al.  [9].  For  the  surface  geometry,  each 
roughness  component  has  been  characterized.  The  random 
roughness  SR  is  accounted  for  in  the  modelling  using  s, 

1  and  a  realistic  correlation  fonction  p(f).  Medium 
periodic  roughness  MP  can  be  described  by  a  function 

2  (y),  depending  upon  the  crop  type.  For  example  row 
crops  (corn  and  potatoes)  are  seeded  two  rows  at  a  time 
in  the  St-Lawrence  Lowlands,  resulting  in  a  pattern  of 
four  ridges  equally  spaced,  which  can  be  approximated 
by  a  modified  cosine  function: 

x/2  <  y,  <  3m/2  Z  -  0 

(An+l)m/5-d  <  yj  <  (4n+3)H/2+d  -  H  -H' 

n-1,2,3 

other  y^  Z  -  H  cos(yi) 

with 

yi  -  mod  (yk  .  8) 

d  -  x/2  -  arcos(H^p-H'^p)/H„p  (1) 

where  y^  is  the  y  position  within  one  spatial  period 
(8x),  k  the  ridge  wavenumber  and  H'„  and  d  extra 
parameters  for  inter-row  ridges,  Fig.  2  shows  two 
simulations  valid  at  survey  time.  This  function  can  be 
used  for  many  other  row  crops.  Finally,  the  large 
periodic  LP  roughness  Zj^p  is  approximated  by: 

Zip  -  «lp  Xy^/Tip)! 


across-row  distance  (cm) 

Figure  2)  2  Simulations  of  across-fiekJ  periodic  pattern  of  potato  fielda 


3.  METHODOLOGY 


Extraction  of  relative  backscatterlng  coefticlent 


To  retrieve  the  backscatterlng  coefficient  o'^  from  the 
images,  a  relative  calibration  within  and  between  the 
Images  was  necessary,  as  the  C-SAR  antenna  gain  pattern 
was  not  well  compensated  for  by  the  STC  gain.  The 
calibration  method  is  based  on  extended  targets  of 
kno'wn  radar  response  15),  'which  consists  of  dense 
deciduous  (maple)  stands  present  in  the  scene.  The 
deciduous  angular  backscatter  behavior  has  been 
assessed  using  the  Eom  and  Fung  model  (8).  and  can  be 
approximated  by  a  cosine  law.  A  correction  factor  was 
derived  from  the  comparison  between  the  angular  forest 
response  retrieved  from  the  images  and  the  theoretical 
response. 


For  the  soil  and  vegetation  conditions  encountered  at 
survey  time,  the  following  assumptions  are 
made.  1)  volume  scattering  from  sparse  canopy  and 
highly  wet  soil  is  negligible;  2)  surface  scattering  is 
caused  mainly  by  random  roughness  and  3)  both  periodic 
roughnesses  (MP  and  LP)  act  as  a  local  slope  modulator 
of  the  suriraposed  random  roughness  (2).  Modelling  is 
based  on  the  three  usual  scattering  models  for  random 
surfaces,  small  perturbations,  physical  optics  and 
geometric  optic  moueis  (iU).  Depending  on  the  dliterent 
roughness  combinations,  three  modelling  approaches  are 
used: 

1)  Fields  with  random  roughness  (SR):  direct 
computation  using  the  appropriate  basic  model; 

2)  Fields  with  medium  periodic  roughness  (MP  +  SR):  the 
model  is  based  on  Ulaby  et  al.  (2)  for  perturbed 
periodic  surfaces,  using  the  deterministic  function 
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Zjjjp.  As  the  SAR  resolution  cell  contains  many  MP 
spatial  periods,  the  simulation  is  done  by  computing 
the  backscatter  on  a  differential  area  of  the  surface 
and  the  total  backscatter  Is  obtained  by  incoherent 
integration  along  one  spatial  period  of  MP  (shadowing 
effects  also  accounted  for). 

3)  Fields  with  large  periodic  roughness  (LP+SR, 
LP+HP+SR):  the  spatial  period  of  the  drainage  pattern 
is  greater  than  the  resolution  cell  and  approach  »  2  is 
not  valid.  LP  roughness  Induces  a  variation  of  the 
local  incidence  angle  of  the  wave  impiglng  on  the 
overiding  MP/SR  roughness.  The  LP  local  backscatter  can 
be  derived  using  approach  «  1  or  w  2,  coupled  with  the 
known  variation  of  the  local  Incidence  angle. 

4.  RESULTS  AND  ANALYSIS 

4.1  Sensitivity  to  Small  and  Medium  Random  fSRt 

roughness 

Fig.  3a  shows  o*^  as  a  function  of  the  RMS  height  s,  in 
two  0  ranges  (40* -50*,  60* -70*).  We  can  point  out  the 
general  increasing  trend  of  a’^  with  s.  For  these  two 
groups,  the  observed  SR  roughness  range  Induces  a  Ao* 
of  10  and  14  dB  respectively.  Ideal  modelling  was  not 
possible  as  there  was  some  missing  parameters  (M^) . 
However  we  can  use  the  mean  values  of  the  available 
parameters,  for  example  mean  -  29- j7  (H^  -33%).  At 
these  high  incidence  angles,  the  observed  range 
(20  to  50%)  induces  a  Ao*  of  about  ±  IdB  from  the  mean. 
Observed  1  has  shown  to  have  a  slight  relation  with  s, 
assumed  to  vary  linearly  from  4  to  8.  This  is  an 
interesting  point  since  realistic  1  values  are  often 
unavailable.  The  best  correlation  function  compared  to 
experimental  curves  has  been  found  to  be: 

P(0  -11  +  (f/l)  =  )-2/2  (3) 

where  C  is  the  displacement.  Fig.  3a  shows  two 
simulations,  using  mean  9  of  45*  and  65*.  Despite  the 
data  dispersion,  there  is  a  good  agreement  on 


backscatter  behavior  relative  to  s  and  0;  from  a  smooth 
surface  (s-n.5)  to  a  rough  surface  (s-3.5)  Ao*  is  from 
10  dB  to  3  dB. 

Based  on  this  validation,  Fig  3b  shows  simulations  for 
many  Incidence  angles.  For  the  entire  RMS  height  range, 
SR  roughness  induces  significant  Ao*,  for  any  incidence 
angles,  and  is  never  smaller  than  2  dB.  For  0>2O* ,  o* 
increases  with  s  ,  for  9<20*,  a  reverse  behavior  is 
observed.  SR  roughness  influence  is  minimized  around 
0-20* . 

Most  fields  in  early  spring  show  a  large  RMS  height 
range  due  to  tillage  practices  (s-1.5  for  harrowing,  to 
s-3.5  for  coarse  tillage).  Induced  Aa°  at  ERS-1 
incidence  angle  (0  -  23*)  and  RADARSAT  minimal 
incidence  angle  (20*)  is  3  dB  and  up  to  12  dB  at 
maximum  RADARSAT  incidence  angle  (60*).  As  the  season 
progresses,  SR  roughness  will  be  smooched  by  smaller 
tillage  and  weathering.  Hence  the  range  of  s  will  drop 
under  1.0,  with  a  narrow  range  but  maximum  backscatter 
sensitivity.  For  ERS-1,  the  Induced  Ao*  would  be  around 
2dB  and  up  to  6dB  for  maximum  RADARSAT  Incidence 
angle . 


4  2  Sensitivity  to  Medium  Periodic  (HP^  roughness 
(row  croDS'i 

We  have  restricted  our  study  to  cow  crops  including 
cereals,  potatoes  and  co~n.  These  two  last  are  studied 
together  (similar  MP  roughness).  We  define  a*g  as  o*  at 
a  look  angle  R,  and  a° ^  and  0*11  for  the  particular 
cases  of  perpendicular  and  patallel  R.  A  useful 
parameter  here  is  the  backscatter  modulation  function 
M(R,0)  (2),  defined  as  the  o*g  to  0*^  difference  (dB) 
at  a  given  incidence  angle  6. 

Corn  and  potato  crops 

Fig.  4  presents  relative  <7*.  and  a*||  values  for 
a)  corn  and  b)  potato.  For  Ae  available  0  range, 
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Figure  3a)  Experimental  and  theoretical  backscatter.  function  of  RMS  height 
for  2  incidence  angle  ranges  (40-50  and  60-70) 
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M(|,  6)  is  maximum  around  0-30*  (8-9  dB) ,  and  decreases 
for  higher  0,  down  co  about  5  dB.  Fig.  4  also  presents 
<7*^  and  o'l  simulation  results  which  are  in  good 
agreement  with  the  data  set.  Significant  look  angle 
effects  arc  expected  for  any  0,  except  in  the  5* -15* 
range.  The  maximum  effect  is  found  to  be  in  a  range  of 
25* -45*,  related  to  the  range  of  soil  facet  slopes  a 
facing  the  radar  (Fig.  2). 

Ue  have  further  analyse  these  effects  using 
experimental  M(ll.O)  values  for  a)  corn  and  b)  potato, 
for  6-  0*.30*  and  90*  (Fig.  5).  In  both  cases,  no 
significant  differences  are  observed  between  H(||,0)  and 
H(3O*,0),  for  0<  40* .  For  corn,  M(1|.0)  is  greatect 
around  0  -  30*  (7-8  dB)  and  decreases  for  higher  0. 
For  potato,  the  fields  are  viewed  with  similar  0 
(27*<0<35*),  but  H(|,0)  and  M(30*,O-)  show  greater 
variations  (6  to  9  dB) .  This  is  caused  by  the 
fluctuations  of  ridges  height  (H^p)  which  is  the  main 
parameter  influencing  o*^.  At  ^survey  time,  ridge 
heights  ranged  from  2  to  8  c.m.  Inducing  a  M(1|,0) 
fluctuation  up  to  6dB.  However,  as  we  progress  through 
the  season,  MP  roughness  will  suffer  weathering,  which 
will  smoothen  its  periodic  characteristics. 
Consequently  the  look  angle  effect  will  vanish. 

Cereals  crops 

Fig.  6  shows  the  angular  variations  of  relative 
and  0*1  values  for  barley  fields.  For  comparison,  the 
curves  of  experimental  o'  of  wheat  fields  (same  growth 
stage),  acquired  with  the  RAMSES  scatterometer  (4), 
have  been  added.  H(|,0)  is  again  maximum  around  0-35' 
(=  3  dB) .  M(B,0)  behavior  is  similar  to  the  one  of  corn 
and  potato  crops,  except  for  a  lower  amplitude,  caused 
by  the  smaller  ridges  of  the  wheat  seeding  bed. 
Therefore,  no  simulations  have  been  done  for  this  case. 


Figere  6)  BackseaHerng  coefficient  of  cereal  crops,  for  paralel  and 
perpendkular  look  angle 


4  3  Sensitivity  to  the  drainage  pattern  (L?  roughnessl 

Fig.  7a  shows  a  sub-scene  including  fields  with 
drainage  pattern.  The  most  str'king  feature  is  the 
linear  texture  parallel  to  field  orientation,  appearing 
more  clearly  in  Fig.  7b  which  has  been  texturally 
enhanced,  using  a  mean  filter  and  a  vertical  gradient 
detection.  Fig.  8a  presents  4  across-field  profiles  of 
the  mean  relative  backscattcring  coefficient  for 
the  potato  field  pointed  out  in  Fig.  7a.  difference 
between  tire  4  radar  configurations  are  caused  by  the  HP 
roughness,  as  seen  in  section  4.2).  Also  is 
periodically  modulated,  with  local  minima  and  maxima 
approximately  on  the  tops  and  bottoms  of  the  drainage 
pattern  ridges.  Fig.  8b  shows  the  power  spectrum  of 
profile  »  3  in  Fig.  8a.  Thi  peak  in  the  9th  harmonic 
(1  e.  28ro  -  LP  roughness  spatial  period)  Indicates  a 


Rgure  7)  Sub-scene  with  drainage  ridges 

A)  Original  sub-scene 

B)  Textural  enhancement 
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Figure  8a)  Profiles  of  f  el .  mean  backscatter  of  a  field 
with  drainage  ridges  (Fig .  7a) 
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Figure  8b)  Power  spectrum  of  profile  #3 
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strong  relationship  between  drainage  pattern  and  o'. 
Notice  also  the  low  frequency  peak,  which  reveals 
large-scale  a°  variations,  probably  Induced  by  the 
general  field  slope,  o'  variations  can  be  explained  by 
two  different  effects:  the  drainage  pattern  geometry 
and  the  soil  moisture  variability,  which  should  be 
related  to  a  combined  effect  on  a’ .  Other  parameters 
can  be  considered  constant  within  a  field. 

The  LP  geometry  causes  a  variation  of  the  local 
Incidence  angle  Gj^  of  the  Incoming  signal  :  <  G, 
G]^  -  G  and  G^  >  G  on  respectively  the  ridge  front,  top 
and  back  side.  It  can  be  shown  chat  Gj^  Is  given  by; 


where  Is  Che  local  gravimetric  moisture,  yj^^  and 
Tjp  respectively  the  LP  distance  and  spatial  period, 
the  top/bottora  H„  difference  and  M  the  relative 
minimum  moisture  (Allows)  .  This  approximation  has 
shown  Co  be  valid  In  most  cases  encountered, 

We  can  model  the  relative  contribution  of  both  drainage 
pattern  geometry  and  soil  moisture  variability  Co  Che 
local  backscatterlng  coefficient  assuming  these 

two  contributions  are  Independent  [4).  Thus  can  be 
expressed  In  dB  as; 

"“l  “  ‘’°lm(®l-^‘vl>  +  u°ig(s,l,G,6,n,G^,(«<7Vei)l  (6) 


jt  n  cos(yff/Tj  )  slnOslnB  +  cosQ 

cos(G^)  -  -  -  ■  ■  - - -  (4) 

y  1  +  (X  0  cos(yx/Tip)]’ 

where  0  Is  the  LP  ridges  ampllcude-to-perlod  ratio. 
Thas  deviation  of  Gj^  from  G  depends  on  1)  radar  look 
angle  B  and  2)  0  latlo,  ranging  from  0.00  to  0.05,  with 
a  typical  value  of  0.020.  For  B  perpendicular,  Gj^  Is 
typically  up  to  +  3*  away  from  G.  However  the  overall 
o'  local  variation  will  depend  on  the  o'  sensitivity 
of  the  MP/SR  roughness  overldlng  LP  (i(o*)/i(Gj)l . 
Thus  under  the  tilting  effect,  a  rough  (lambertlan) 
surface  would  create  no  a’  variations,  compared  to  a 
smooth  surface  (fast  decay  of  o'  with  G^)  creating 
large  o'  variations.  All  observed  MP/SR  surfaces  fall 
between  these  two  cases. 


Looking  back_  to  Fig.  8a,  we  observe  In  effect 
significant  Ao*j.  with  B  nearly  perpendicular  (profile 
»2  S  3).  However,  the  profile  »1  at  B-20*  (almost 
parallel)  shows  as  strong  variations  as  In  «2-3,  which 
cannot  be  explained  by  the  LP  geometric  effect  alone. 


The  drainage  pattern  Induces  lateral  water  run-off 
toward  the  hollows,  which  should  result  In  an  across- 
rldge  soil  moisture  profile.  The  moisture  sample 
strategy  was  modified  during  the  1988  C-SAR  campaign 
(same  test  site),  to  account  for  the  drainage  pattern. 
For  some  selected  fields,  soil  moisture  transects  have 
been  acquired  ocross  many  ridges,  then  were  normalized 
and  averaged.  For  example.  Fig.  9  shows  the  mean 
across-rldge  wetness  profile  of  a  corn  field, 
approximated  by  a  2nd  order  polynomial  given  by: 
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where  and  o'j  are  respectively  the  local  soil 
moisture  and  geomeftlc  contribution  to  o*|.  fs 
directly  proportional  to  the  local  Fresnel 
reflectivity,  depending  on  the  local  dielectric 
constant  £j.j,  derived  using  (5)  In  the  Halllkalnen 
model,  and  the  local  Incidence  angle  Gj^;  4s 
obtained  from  the  simulated  o'  angular  curves  or  the 
MP/SR  roughness  (as  In  Fig.  A)  overldlng  LP  roughness, 
and  the  Gj  deviation  from  G. 

Fig.  10  shows  the  experimental  and  simulated  relative 
o'^  of  a)  profile  #1  and  b)  profile  #3  of  Fig.  8a.  All 
the  curves  are  relative  as  we  are  Interested  In  the 
backscatter  variations.  In  Fig.  10a  the  geometric 
contribution  Is  negligible  because  the  radar  Is  viewing 
almost  parallel  to  low  ridges.  Hence,  In  this  case, 

Is  pratlcally  proportional  to  local  soil  moisture, 
which  suggest  that  this  SAR  configuration  (B  parallel 
and  low  G)  should  be  used  In  applications  related  to 
soil  moisture  estimation  and  drainage  management.  This 
configuration  eliminates  the  sensitivity  to  MP 
roughness,  and  only  the  sensitivity  to  SR  roughness 
persists  but  Is  minimal  (2dB)  at  low  G  (20'). 
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Figure  9)  Relative  mean  across-tidge  soil  gravimetric  moisture 
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In  contrast, in  Fig  10b  the  geometric  contribution  is 
clearly  dominant,  due  to  a  perpendicular  look  angle.  In 
addition  the  soil  moisture  contribution  is  lower,  at 
higher  incidence  angle  compared  to  the  preceeding  case. 
Hence  local  is  proportional  to  the  drainage 
pattern  Such  a  SAR  configuration  (R  perpendicular  and 
high  0)  maximizes  the  sensitivity  to  all  scales  of 
roughness  and  should  be  used  in  applications  requiring 
knowledge  of  local  surface  local  topography  for 
drainage  management. 

These  two  cases  show  that  different  parameter 
contributions  can  accidentally  result  in  almost 
identical  o*  variations,  under  two  opposite  radar 
observation  configurations.  Thus  theoretical  modelling 
is  essential  to  avoid  misunderstanding  of  the  observed 
phenomena  Globally,  experimental  and  modelling  results 
have  shown  that  the  local  surface  geometry  and  soil 
moisture  variability  induced  by  the  drainage  pattern 
(mean  periodicity  -  25m)  is  detectable  in  high 
resolution  C-SAR  Imagery  (-  6ra) . 

5.  CONCLUSION  AND  FUTURE  WORK 

This  study  has  confirmed  and  demonstrated  geometric 
effects  of  agricultural  surfaces  on  the  radar 
backscatter,  using  for  the  first  time  airborne  C-SAR 
images.  It  has  integrated  and  extended  previous  studies 
to  a  complete  agricultural  scene  with  a  large  variety 
of  surface  roughness  states. 

In  particularly,  the  Influence  of  random  roughness  has 
been  confirmed,  it  is  never  smaller  than  2dB,  for  any 
SAR  configuration.  Also,  the  influence  of  periodic 
roughness  (row  crops  and  tillage)  can  be  as  strong  as 
10  dB.  To  interprete  the  measurements,  a  global  model 
is  necessary  with  a  complete  set  of  terrain  parameters 
which  are  difficult  to  obtain.  Thus  soil  moisture 
mapping  from  single  configuration  airborne  SAR  data  is 
highly  improbable.  However  the  use  of  multiple 
polarimetrlc/temporal  airborne  SAR  images  should  be 
Investigated. 

Using  ERS-1  and  RADARSAT  with  an  incidence  angle 
around  20*,  the  expected  maximum  roughness  effect 
(random  and  periodic)  is  4  dS,  which  decreases  around 
2  dB  if  1)  the  look  angle  is  lower  than  30* ,  or  2) 
fields  are  oriented  in  a  single  direction,  which  is 
common  in  Canada.  Notice  also  that  the  4dB  perturbing 
effect  is  the  worst  possible  case  since  the  observed 
roughness  range  is  maximum  at  the  survey  time.  Thus 
soil  moisture  inversion,  from  ERS-1  and  RADARSAT  data, 
using  simple  mcdel,  appears  highly  possible. 

The  drainage  pattern  and  induced  soil  moisture 
variability,  typical  of  the  St-Lawrence  Lowlands,  has 
been  remotely  detected  for  the  first  time,  using  active 
microwave  sensors.  Both  geometric  and  wetness 
contributions  to  the  C-band  radar  backscatter  has  been 
demonstrated,  and  it  is  possible  to  eliminate  the 
geometric  influence  in  order  to  detect  the  soil 
moisture  profile.  This  drainage  monitoring  potential  is 
Interesting  with  respect  to  crop  yield  prediction.  For 
examole,  in  the  St-Lawrence  Lowlands,  the  drainage 
pattern  enhances  the  overall  drainage  properties  but 
causes  saturation  in  the  hollows  and  hence  decreased 
crop  yield.  This  problem  is  a  concern  to  agronomists 
and  farmers,  and  drainage  monitoring  using  SAR  data  can 
help  to  study  the  best  surface  management  with  respect 
to  crop  yield. 


To  summarize,  this  study  has  shown  the  complex  and 
multiple  surface  geometric  effects  of  a  typical 
agricultural  scene,  and  modelling  has  been  necessary  to 
understand  the  radar  backscatter  behavior  of  such 
targets.  In  a  next  step,  the  validated  models  will  be 
used  to  simulate  radar  backscatters  for  a  larger  range 
of  both  scene  and  SAR  configurations,  to  assess 
precisely  1)  the  soil  moisture  inversion  possibilities 
and  2)  potentiality  of  multiple  SAR 
observation/polarlmetric/temporal  configurations . 
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ABSTRACT 

During  the  summer  of  1988,  we  performed  radar  measure¬ 
ments  in  congunction  with  detailed  environmental 
observations  on  Lake  Washington  at  the  University  of 
Washington  Sand  Point  field  station.  We  collected 
radar  data  at  5.3  and  10  GHz  for  incidence  angles 
between  30  arid  60°  with  W-polarization.  The  environ¬ 
mental  measurements  included  wind  speed  and  direction, 
large-wave  heights,  the  high  frequency  portion  of  the 
wave  spectrum,  humidity,  and  air  and  water  tempera¬ 
tures.  He  measured  the  small-scale  wave  spectrum 
using  a  resistance  wire  gauge. 

The  results  show  that  backscatter  increased  with  wind 
speed  as  expected.  However,  we  did  not  observe  much 
difference  in  the  scattering  coefficient  for  upwind 
and  crosswind  directions.  The  results  also  indicated 
an  increase  in  the  amplitude  of  small  waves  with 
friction  velocity  u  . 

In  this  paper  we  are  ^  asenting  a  brief  description  of 
the  system  used  for  radar  experiments  and  preliminary 
results  of  the  experiments  conducted  during  the  summer 
of  1988. 


SYSTEM 

We  used  a  dual-frequency  FH  radar  for  measurements 
during  this  experiment.  The  system  is  designed  to 
measure  the  range  to  the  target  and  the  amplitude  and 
phase  of  the  backscattered  signal.  We  used  horn 
antennas  for  transmit  and  receive.  The  important 
specifications  of  the  system  are  given  Table  1,  and  a 
more  detailed  description  is  available  in  Gogineni  et 
al.,  1989. 


Table  1 


FH  Radar  Parameters 


X  Band _ C  Band 


Radar  Frequency 
Modulating  Waveform 
Modulating  Frequency 
Sweep  Bandwidth 
Phase  Accuracy  (est.) 
IF  Weighting 
Combined  rt /antenna  wt 


10  GHz  5.3  GHz 

Triang.  Triang. 

50  Hz  100  Hz 

1  GHz  500  MHz 

20°  20° 
Programmable 
_ 38  kg _ 


INTRODUCTION 


EXPERIMENT 


During  the  summer  of  1988,  wo  conducted  a  pilot  exper¬ 
iment  to  measure  radar  backscattering  from  water  on 
Lake  Washington.  We  conducted  this  experiment  from 
the  University  of  Washington  Sand  Point  facility.  We 
collected  radar  data  at  5.3  and  10  GHz  for  upwind  and 
crosswind  directions  over  incidence  angles  form  30  to 
60°  with  W-polarization.  We  used  a  coherent  FM  radar 
for  backscatter  measurements.  We  collected  environ¬ 
mental  data  that  included  mean  wind  speed,  wind 
stress,  temperature,  humidity  and  wave  height.  The 
wind  speed  was  measured  at  elevations  of  2,  4  and  7 
meters  using  a  Gill  propeller  anemometers  mounted  on 
vanes.  The  wind  stress  was  measured  with  the  eddy- 
correlation  technique  utilizing  a  K-Gill  propeller 
vane  system  lAtakturk  and  Katsaros,  19891.  The  wave 
height  was  measured  using  a  special-purpose  resistance 
wire  gauge. 

The  results  show  that  backscatter  increased  with  wind 
speed  as  expected.  However,  we  did  not  observe  much 
difference  in  the  scattering  coefficient  for  upwind 
and  crosswind  directions. 

In  this  paper,  we  are  providing  a  brief  description  of 
the  radar  used  for  the  measurements  and  the  prelimi¬ 
nary  results  of  the  1988  experiment. 


We  performed  the  pilot  experiment  over  a  period  of  two 
weeks  during  August  1988.  We  collected  data  at  inci¬ 
dence  angles  Between  30  and  60°  with  W-polarization 
at  5.3  and  10  GHz.  The  antenna  was  pointed  in  the 
upwind  or  crosswind  direct.ons,  and  data  were  collect¬ 
ed  at  each  incidence  angle  for  the  two  frequencies  in 
five-minute  segments.  The  system  was  calibrated 
before  ard  after  each  data  run  by  switching  in  a  delay 
line  of  known  length  and  loss  in  place  of  the  anten¬ 
nas.  Simultaneously  with  the  radar  measurements,  all 
the  relevant  environmental  variables  including  wind 
speed  and  direction,  wave  height,  air  and  water  tem¬ 
perature,  etc.  were  recorded. 

RESULTS 

Figure  1  shows  the  results  of  wave  he! jht  measurements 
made  with  the  resistance  wire  gauge.  The  shift  in  the 
peak  of  the  low-frequency  part  of  the  spectrum  is 
related  to  the  duration  of  the  wind.  There  is  little 
variation  in  l  e  wind-generated  high-frequency  part  of 
Che  wave  spectrum.  Figure  2  shows  the  wind  speed  and 
direction  measured  during  a  radar  sampling  period.  As 
can  be  seen,  wind  direction  and  wind  speed  are  fairly 
constant  during  the  perioi  over  which  wave  height  and 
radar  measurements  were  made. 
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SPORWEX  1, 


tine,  we  do  not  know  the  reason  for  this  discrepancy. 
However,  it  nay  be  related  to  the  difference  in  large- 
wave  conditions  between  the  open  ocean  and  bake  Wash¬ 
ington. 
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Fig.  1  Measured  Spectra  using  resistance  wire  gauge 
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Fig.  2  Wind  and  direction  during 
wave  height  neasurements 


Figures  3  and  4  show  the  angular  response  of  the 
scattering  coefficient  at  5.3  GHz  for  upwind  and 
crosswind  directions,  respectively.  There  is  a  linear 
decrease  of  o°  with  speed  between  30  and  60°.  The 
results  show  that  a°3  for  upwind  and  crosswind  direc¬ 
tions  are  similar.  This  result  is  contrary  to  what 
has  been  observed  in  open  ocean  experiments.  At  this 


Fig.  3  0°  vs.  incidence  angle 

C  band,  upwind  look 


Fig.  4  0°  vs.  incidence  angle 
C  band,  crosswind  look 

Figures  5  and  6  show  the  scattering  coefficient  depen¬ 
dence  on  upwind  and  crosswind  directions.  As  expect¬ 
ed,  0°  increased,  in  most  cases  with  wind  speed. 


SigmaO  (dB) 
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Fig.  5  0°  vs.  wind  speed 

C  band,  upwind  loo)c 


We  are  currently  investigating  the  effect  of  other 
environmental  variables  on  wind  speed  vs.  a° 
relationship. 


CONCLUSIONS 

The  pilot  experiment  verified  that  we  can  collect  the 
data  required  to  interpret  radar  signal  dependence  on 
environmental  variables  under  semi-controlled  condi¬ 
tions. 


Fig.  6  0°  vs.  wind  speed 

C  band,  crosswind  look 
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This  Investigation  is  studying  the  ability  of  theoretical  RCS 
models  to  predict  the  absolute  magnitude  of  the  ocean  radar  cross 
section  under  a  wide  variety  of  sea  and  atmospheric  conditions.  An 
extensive  amount  of  experimental  data  is  available  from  the  FASINEX 
Experiment.  This  consists  of  RCS  data  from  the  NASA-JPL  Ku-band  (ilt.6 
GHz)  Scatterometer  mounted  on  a  C-130  aircraft  (10  separate  flights 
were  conducted),  a  wide  variety  of  atmospheric  measurements  (Including 
stress)  and  sea  conditions.  Current  theoretical  models  are  being 
tested  with  this  data,  over  a  range  of  incidence  angles  (20  to  60 
deg.)  and  azimuth  angles.  In  situations  where  the  Bragg  scattering 
theory  does  not  agree  with  the  measured  radar  cross  section  (maximum 
magnitude  and  azimuth  angle  dependence),  revisions  to  the  theory  are 
hypothesized  and  evaluated.  For  example,  the  V-pol  theory  works  well 
in  most  cases  studied  while  the  H-pol  theory  is  usually  too  low  by 
about  a  factor  of  2,  at  incidence  angles  of  50  and  60  degrees.  Other 
workers  have  found  a  similar  discrepancy.  In  response  to  this 
situation,  the  next  phase  involves  studying  the  effect  of  surface 
slope  statistics  which  deviate  from  the  Gaussian  statistics  that  are 
usually  assumed  in  the  theoretical  models,  and  how  the  theoretical 
predictions  would  be  affected  if  they  used  non-Gaussian  surface  slope 
statistics.  Non-Gaussian  statistics  based  on  actual  ocean 
measurements  are  being  used  with  theoretical  methods  for  the 
calculation  of  the  RCS.  These  methods  may  deal  with  either  closed 
form  mathematical  functions  for  the  PDF  or  exact  moment-method 
calculations  based  on  a  polnt-by-polnt  spatial  series  of  the  surface 
elevation  to  calculate  the  backscattered  field.  A  range  of  incidence 
and  azimuth  angles,  and  wind  speeds  for  the  radar  cross  section  are 
being  studied. 
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Ourin<j  the  MOItCSEX-SS  experiment  on  Haltenuanken  the  CanacJian  CV- 
580  airplane  provided  C-  and  X-band  SAR  ima'imary  of  the  ocean 
surface.  Operated  in  the  nadir  lookipq  narrow  swath  mode  the 
footprint  covered  a  ground  range  area  of  kni  off  nadjr.  Flying 
at  ah  altitude  of  about  0100  meters  this  corresponds  to  a 
significant  variation  in  incidence  angle,  integration  time  and 
resolution  cell  dimensions  over  the  swath. 

In  tne  present  paper  the  impact  of  these  varition-s  on  the  speckle 
statistics  in  the  3AR  images  have  been  investigated.  Since  the 
plane  was  flown  in  a  star  pattern  also  the  impact  o'  the  imaging 
geometry  of  the  waves  on  the  speckle  statistics  has  .been 
considered. 

The  objectives  have  been  to  relate  the  speckle  properties  to  the 
possible  scattering  mechanisms  itivoix. ng  jr,  r‘r'>';uc  ing  the  mlt'ro 
wave  echoes  from  the  sea  surface. 


2127 
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ABSTRACT 

Using  data  iron  the  Thcrnal  Infrared  Hultlpectral 
Scanner  (TIMS)  on  board  the  NASA-130  aircraft,  surface 
temperature  .j<ips  were  created  to  study  the  representa¬ 
tiveness  of  the  surface  flux  measurements  stations 
(SAMER).  Data  from  high  altitude  flights  (6  km)  were 
used  to  obtain  7  by  10  km  maps  around  9  of  the  12 
SAMER  stations.  The  histograms  of  the  fields,  about 
2  or  3  hectares  in  size,  containing  the  SAMER  were 
compared  with  the  histograms  of  the  entire  scene.  The 
SAMER  stations  were  typicalxy  located  in  cultivated 
fields  which  at  the  time  (16  June  to  2  July)  or  our 
aircraft  overfllglits  were  mostly  bare.  The  histograms 
of  the  total  scenes  ranged  from  temperatures  of 
25-30°C  for  the  freely  transpiring  vegetated  surfaces 
to  greater  than  40°C  for  the  bare  soils  and  the 
temperatures  for  most  of  the  SAMER  stations  were  in 
the  latter  category.  Wille  the  proportions  of 
vegetated  and  bare  surfaces  varied  from  scene  to  scene 
they  typically  were  about  evenly  split.  These  results 
have  implications  for  the  comparison  of  airborne  and 
surface  flux  measurements  since  the  higher  tempera¬ 
tures  for  the  fields  with  the  SAMER  stations  indicate 
that  most  of  the  exchange  with  the  atmosphere  is  in 
the  form  of  sensible  heat,  while  for  the  whole  region 
the  exchange  may  be  evenly  split  between  latent  and 
sensible  heat  fluxes. 

Keywords:  Brightness  temperature,  Evapotransplration, 
Hydrological  budget.  Latent  heat  flux.  Sensible  heat 
flux,  TIMS. 


1.  INTRODUCTION 

The  objective  of  the  HAPEX-MOBILHY  Hydrologic 
Atmospheric  Pilot  Experiment  and  Mod'lisation  du 
Bilan  Hydrique)  program  (1)  and  (2)  is  to  improve  the 
parameterizatlons  of  the  land  surface  processes  in 
atmospheric  general  circulation  models  (GCM's)  which 
operate  at  the  scale  of  10^  km.  Therefore,  a 
measurement  program  was  designed  to  observe  the 
relevant  processes,  e.g.,  the  hydrological  budget  and 
evapotransplration  flux  by  a  number  of  different  and 
Independent  techniques  over  a  100  x  100  km^  area. 

The  parameters  which  control  the  water  budget  and  El 
flux  have  different  time  and  space  scales,  e.g., 
surface  hydrology  and  root  zone  soil  moisture  have 
typical  horizontal  sc.  les  on  the  order  of  100  m, 
while  their  time  scales  are  relatively  long,  i.e., 
several  days.  These  parameters  were  observed  for 


over  a  year  at  10  day  Intervals  with  a  number  of 
point  measurements  at  several  locations  (*-12)  over 
the  100  X  100  kn^.  Conversely,  surface  properties 
such  as  air  temperature,  surface  eddy  fluxes  and 
other  atmospheric  boundary  layer  parameters  have 
rather  large  spatial  scales,  1  to  10  km,  but  short 
time  scales,  about  1  h.  The  variation  of  these 
quantities  has  been  monitored  with  a  regularly  space 
surface  network  and  Intervals  of  1  hour  or  less. 

The  measurements  were  made  over  a  100  x  100  km^ 
area  in  southwestern  France  roughly  between  Bordeaux 
and  Toulouse  and  just  north  of  the  Pyrenees.  The 
northeastern  third  of  the  area  is  relatively  flat 
pine  forest  on  poorly  drained  soils.  The  remaining 
area  is  mixed  agriculture  with  rolling  hills.  The 
major  instrumentation  systems  Included:  a)  surface 
networks  of  the  SAMER  [3]  flux  measurement  stations 
and  micro-met  stations,  b)  acoustic  and  radio 
sounding  of  the  boundary  layer,  c)  airborne 
measurements  of  the  fluxes  and  d)  satellite  and 
aircraft  remote  sensing  of  the  surface  radiative 
properties.  The  aircraft  remote  sensing  was 
performed  by  the  NASA  C-130  which  carried  sensors 
operating  at  microwave,  thermal  infrared  and  visible 
wavelengths.  This  paper  will  present  results  from 
the  Thermal  Infrared  Multispectral  Scanner  (TIMS). 


2.  TIMS 

TIMS  is  a  six  channel  NASA  aircraft  scanner  operating 
in  the  thermal  Infrared  (8-12  microns)  region  of  the 
electromagnetic  spectrum.  The  response  functions  for 
the  individual  channels  are  shown  in  Fig.  1  along  with 
the  Blackbody  radiation  for  a  300  K  body.  The  6 
channels  cover  the  peak  of  the  emitted  radiation 
curve.  Note  that  channels  5  and  6  roughly  correspond 
to  Che  AVHRR  channels  4  and  5. 

The  instantaneous  field  of  view  is  2.5  mrad,  while 
the  detector  signals  are  sampled  every  2.08  mrad 
along  the  scan  [4].  The  digitized  field  of  view 
contains  638  pixels  and  covers  76.6°.  Thus,  from  an 
altitude  of  6000  m  the  pixel  size  is  15  m,  the  cross 
track  separation  is  12.5  m  at  nadir,  and  the  swath 
width  is  9.5  km.  For  these  high  altitude  flights  the 
scan  rate  was  typically  set  at  8.7/sec,  which  at  an 
aircraft  speed  of  250-260  knots  (125  m/sec)  provided  a 
separation  of  15  m  between  scans  and  thus  contiguous 
coverage . 
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ATMOSPHERIC  TRANSMISSON 
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Fig.  1.  The  TIMS  response  functions  in  the  8-12 
micron  range.  The  300  K  blackbody  emission  curve  is 
the  smooth  curve  and  the  atmospheric  transmission  up 
to  a  6  km  aircraft  altitude  for  day  167  is  the  third 
curve. 


3 


For  calibration  the  system  is  equipped  with  cold  and 
warm  reference  sources  or  blackbodles,  approximately 
covering  the  temperature  range  of  interest.  For  most 
of  llAPEX  the  temperature  separation  between  the  two 
references  was  set  at  30°C.  All  pixels  are  assigned 
a  digital  count  value  between  0  and  255  (ON). 

Reference  source  1  la  scanned  at  the  beginning,  and 
the  second  at  the  end  of  a  line.  The  reference 
temperatures  are  knoim  to  better  than  0.5  K  (4). 

TIMS  responds  to  the  incident  radiance  (W/m^  sr  era”!) 
and  not  to  the  temperature  directly.  The  brightness 
temperature  of  the  observed  surface  is  related  to  the 
incident  radiance  via  the  Planck  equation  for  black- 
body  radiation.  However,  if  the  observed  temperatures 
are  close  to  the  calibration  temperatures,  say  within 
10  or  5°C,  the  error  arising  from  using  a  linear 
temperature  calibration  is  less  than  I’C  and  that 
approximation  will  be  used  here  (5). 

The  temperatures  given  by  the  sensor  represent  the 
detected  radiance  at  the  aircraft  altitude.  In  order 
to  convert  this  result  to  the  actual  surface  tempera¬ 
ture,  atmosnhorlo  effects  must  be  taken  into  account. 
These  include  the  absorption  and  emission  by  the 
atmospheric  gases,  primarily  water  vapor  for  this 
portion  of  the  spectrum.  Since  the  relationship 
between  radiance  and  temperature  is  considered  linear, 
Eq.  1  can  be  used  to  correct  for  these  atmospheric 
effects. 


T  “  t*T  +  (1  -  T)*r  (1) 

ir  3  av 

Tj^j,  is  the  observed  temperature  (K),  Tg  the  surface 
radiation  temperature,  Tav  the  average  air  temperature 
for  the  atmospheric  layer  between  the  surface  and  the 
aircraft  and  T  the  transmittance  of  this  layer  for  a 
specific  channel.  Radiosoundings  released  at  the 
central  site  within  one  hour  of  the  pass  are  used  to 
determine  the  transmittance  and  the  air  temperature. 
For  calculating  the  average  air  temperature  (Tgy) 
the  following  equation  was  used: 


This  equation  assumes  that  the  principal  absorption 
is  by  water  vapor  and  so  the  temperatures  are  weighted 
by  the  vapor  content  of  the  layer.  LOWTRAN-6,  an 
atmospheric  path  radiance  model  developed  by  the  Air 
Force  Geophysics  Laboratory  (6),  is  used  to  calculate 
the  transmittance  for  the  different  channels.  An 
example  of  the  resulting  transmittance  for  the  6  km 
altitude  is  given  in  Fig.  1.  The  product  of  the 
transmittance  and  the  response  function  for  the 
individual  channels  yields  the  transmission  factor  for 
each  channel.  On  June  16  the  values  of  t  ranged  from 
0.60  for  channel  1  to  0.74  for  channel  5.  The  low 
value  for  band  1  indicates  the  increased  water  vapor 
absorption  at  the  8  micron  edge  of  the  window.  These 
results  are  for  the  6  km  altitude  with  Tgy  “  284.1  K 
and  an  Integrated  water  vapor  content  of  2.5  gm/cm^. 

Using  these  TIMS  data,  surface  temperature  maps  were 
created  to  study  the  representativeness  of  the  surface 
flux  measurements  stations  (SAMER)  for  possible 
comparison  with  the  remote  flux  measurements  made  from 
the  King-Air.  Data  from  high  altitude  flights  (6  km) 
for  band  5  were  used  to  obtain  a  9.4  by  15  km  map 
around  the  central  site  and  forest  tower.  The 
histograms  of  the  surface  temperatures  for  several 
representative  surface  conditions  were  obtained  and 
are  presented  in  Fig.  2  for  16  June  1986  (day  167). 
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T 

av 


ETi*Wi*Zi/rWi*Zi 


(2) 


in  which  Tj,  Wj,  and  z^  are  the  temperature,  water 
vapor  content  in  kg/m-^,  and  layer  thicknesses  of  the 
atmosphere  obtained  from  the  radiosoundings. 


Fig.  2.  Histograms  of  aircraft  observations  of 
surface  temperature  from  an  altitude  of  6  km  for  TIMS 
band  5  on  day  167.  The  upper  plot  is  for  all  the 
pixels  in  a  9.4  by  15  km  scene  and  the  lower  one  is 
for  specific  surfaces  within  that  scene. 
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The  upper  histogram  gives  the  distribution  for  the 
entire  scene  showing  a  temperature  range  from  20-60*C 
with  the  majority  being  less  than  35°C.  The  air 
temperature  near  the  ground  at  the  time  of  the  flight 
was  29°C.  The  lower  portion  of  the  figure  gives  the 
histogram  of  several  Individual  fields  to  Indicate 
the  sources  of  this  large  range  In  temperature.  They 
ranged  from  a  mature  oat  field  to  a  bare  field  with 
average  temperatures  of  29.4  and  6.9°C,  respectively. 
The  com  field  had  plants  which  were  50-70  cm  high 
with  a  leaf  area  Index  (lAI)  of  1.8.  Because  of 
sufficient  root  zone  soil  moisture,  the  corn  was 
freely  transpiring  but  there  was  a  considerable 
amount  of  bare  soil  visible  to  the  radiometer 
accounting  for  Its  high  temperature,  T^j  ”  45.8°C, 
which  Is  not  Indicative  of  Its  evaporative  flux.  The 
temperature  for  the  corn  field  changed  as  the  crop 
matures  as  seen  In  Fig.  3  which  presents  the  results 
for  27  June.  The  overall  temperature  distribution  Is 
about  the  same  but  the  temperature  of  the  corn  field 
Is  now  cooler  than  the  oat  field  which  has  mostly 
passed  Into  senescence.  The  average  values  for  these 
fields  are  summarized  In  Table  1. 


HAPEX  -  DAY  178 
TIMS  BAND  5  -  LUBBON  SITE 


TEMPERATURE.  CELSIUS 


Fig.  3.  Histograms  of  aircraft  observations  of 
surface  temperature  from  an  altitude  of  6  km  for  TIMS 
band  5  on  day  178.  The  upper  plot  Is  for  all  the 
pixels  In  a  9.4  by  15  km  scene  and  the  lower  one  Is 
for  specific  surfaces  within  that  scene. 


Table  1.  Surface  temperai.ure  statistics  In  Celsius 


Field 

Day  167 

Day 

178 

Mean 

S.D. 

Mean 

S.D. 

Bare 

56.9 

1.6 

51.3 

1.6 

Corn 

45.9 

2.4 

37.6 

3.5 

Oats 

29.4 

3.9 

34.3 

2.4 

Forest 

30.0 

1.2 

30.3 

1.1 

All 

33.4 

7.4 

32.4 

4.8 

The  SAMER  flux  measurement  stations  were  typically 
located  In  cultivated  fields  which  at  the  time 
(29  May  to  2  July)  of  our  aircraft  overflights  were 
mostly  bare.  The  histograms  of  the  total  scenes 
ranged  from  temperatures  of  25-30°C  for  the  freely 
transpiring  vegetated  surfaces  to  greater  than  40'’C 
for  fields  which  were  bare  or  partially  vegetated. 
The  temperatures  for  most  of  the  SAMER  stations  were 
In  this  range.  While  the  proportions  of  vegetated 
and  bare  surfaces  varied  from  scene  to  scene  they 
typically  were  about  evenly  split.  These  results 
have  Implications  for  the  comparison  of  airborne  and 
surface  flux  measurements.  For  example,  In  this 
situation  the  majority  of  the  area  had  a  surface 
temperature  typical  of  the  forest,  the  flux  measured 
by  the  Klng-Alr  would  be  close  to  that  measured  by 
the  forest  tower. 
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Regional  scale  evaluation  of  the  energy  balance  requires  the  use  of  remotely 
sensed  data  to  provide  timely  information  over  the  area  of  interest.  Surface 
temperature  is  an  important  variable  in  energy  calculations.  However 
evaluating  surface  temperature  with  remote  sensing  is  difficult,  particularly 
when  the  surface  is  partially  vegetated.  The  temperature  measured  by  a 
radiometer  is  affected  by  the  proportions  of  vegetation  and  soil  and 
represents  a  composite  temperature.  Uhen  the  soil  is  not  completely  covered 
by  vegetation,  its  temperature  may  be  considerably  warmer  than  transpiring 
vegetation.  Thus  the  composite  temperature  may  not  be  representative  of  the 
evaporating  surface  and  may  cause  significant  errors  in  model  estimates  of 
evapotranspiration . 

The  objectives  of  this  study  were  to  (1)  compare  ground-based  estimates  of  the 
composite  surface  temperature  from  measurements  sunlit  and  shaded  soil  and 
vegetation  to  measurements  from  an  aircraft,  (2)  develop  a  method  of 
estimating  soil  heat  flux  an  net  radiation  from  remotely  sensed  data  and  (3) 
examine  the  spatial  distribution  of  surface  temperature,  soil  heat  flux,  and 
net  radiation  over  Irrigated  cotton  fields. 

Measurements  of  soil  heat  flux,  soil  temperatures,  and  net  radiation  of  large 
bare  soil,  alfalfa,  and  cotton  fields  were  recorded  continuously  on  selected 
dates  in  1987  and  1988  at  the  Maricopa  Agricultural  Center  near  Phoenix,  AZ. 
Soectral  reflectance  factors  were  acquired  at  selected  times  with  a  radiometer 
mounted  in  a  airplane  flying  at  150  ra  and  with  a  radiometer  mounted  on 
backpack-type  frame  at  1.7  m.  Radiant  temperatures  of  vegetation  and  soil 
were  measured  on  east-  and  west-facing  sides  of  the  rows  with  a  hand-held 
infrared  thermometer. 

Composite  surface  temperatures  were  modeled  and  compared  to  temperatures 
measured  from  the  aircraft  alcrg  transects  of  the  fields.  Modeled  and 
measured  sv;fa.;e  temperatures  agreed  well.  The  ratio  of  soil  heat  flux  and 
net  radiation  were  estimated  with  spectral  vegetation  indices.  With  this 
technique,  available  energy  (net  radiation  minus  soil  heat  flux)  could  be 
estimated  within  about  3%.  If  this  technique  can  be  generalized  for  use  over 
different  vegetative  surfaces,  the  result  could  be  more  accurate  estimates  of 
surface  energy  balance  than  is  possible  with  meteorological  measurements 
alone. 


on  INTERCONNECTION  BETWEEN  MICROWAVE  AND  INFRARED  RADIATION  FIELDS 
AND  NATURAL  OBJECT  CONDITION 

E. A. Reutov 

Institute  of  Radio  Engineering  &  Electronics  USSR  Academy  of 
Sciences,  GSP-3,  103907,  Marx  avenue, 18,  Moscow  K-9,  U.S.S.R. 


The  management  of  natural  objects  over  large  areas  need  the 
near-real-time  and  reliable  information  about  its  condition. 
Apparently,  this  information  may  be  collected  over  large  areas  only 
by  means  of  remote  sensors. 

This  problem  may  be  decided  using  two  v/ays.  First  one  is  usual 
and  it  relies  the  determination  of  separate  soil  and  canopy  parame¬ 
ters,  such  as  moisture, temperature, salinity, biomass  etc.  using 
remote  sensors.  It's  believed  that  potential  users  of  remotely  sensed 
data  (for  one  in  agriculture)  using  above  mentioned  separate  parame¬ 
ters  will  estimate  the  total  condition  of  natural  objects  and  make 
a  correspondent  technical  decision.  This  way  is  hov/ever  very  complex 
and  not  quite  reliable  as  it  needs  the  multichannel  remote  sensors 
and  solution  of  multiparametric  inverse  problems. 

The  second  possible  v/ay  is  to  delineate  the  condition  of  these 
objects  using  the  parameters  v/hich  could  be  immediatly  determined 
with  remote  sensors  (for  example  brightness  temperature  at 

microwave  and  infrared  ranges).  This  approache  permits  to  avoid  the 
amplification  of  model  errors  which  considerably  grow  under  solution 
of  inverse  problems. 

Let  consider  the  agricultural  geosystem  to  simplify  the  problem. 
In  such  case  energy  balanc  equation  of  this  geosystem  vdll  be 


R  =  H  +  LB^.-G 

where  R  is  the  radiation  balanc,  G  is  the  energy  consumption  for  rhe 
soil  heating,  H  is  the  energy  consumption  for  the  air  heating,  L  is 
the  latent  evaporation  heat,  E^  is  the  evapotranspiration. 

The  optimum  condition  for^crop  development  and  to  obtain  the 
top  yield  is 

R-LE^=0  or  R/LB^=1 

when  all  energy  is  consumed  for  evapotranspiration.  In  such  case 
the  difference  between  current  condition  and  optimum  one  may  be 


estimated  as 


units 

AJ 


AJ  =  R  /  L  E^ 


1  =  (  H  -  G  )  /  L  E. 

'a  1*. 

-  V  “E — awTAW 


or  in  other 


where  dW,  dT  ,dT  are  the  changes  of  soil  moisture, air  temperature 
and  soil  temperature,  respectively,  per  time  dt,  AW  is  the  watering 
or  precipitation  between  two  measurements,  c  ,  c  are  the  specific 
heats  of  soil  and  air,  h  ,h  are  the  thickneSses^of  soil  ara  air 
layers  taking  part  in  the  heat  exchange. 

The  dW  value  may  be  estimated  using  microv/ave  radiometry,  the 
dr  -with  infrared  radiometry,  dT  -using  meteorological  data.  Then, 
we^can  obtain  for  soil/canopy  system  with  error  about  IQiS  (  if  G=0, 


as  the  G  is  about  3-45'->  of  R) 


b.f-dT“  +  (1-^)  (tJ^  -  )  -  AW- b^;  b^f ■  ji 


where  dT^,  dT^^  arc  the  changes  os  soil/canopy  system  brightness 

temperature  at  microwave  and  infi’ared  ranges,  respectively,  is 
the  transfer  function  of  canopy,  b  ,  bj ^  ,  Aj ^  are  the  coefficients 
depending  on  the  wavelength  at  microwave  and  Infrared  ranges. 

The  AJ  value  permits  to  estimate  the  difference  betv/een  the 
current  condition  of  agricultural  geosvstem  and  its  optimum  (from 
the  point  of  view  of  the  maximum  yield)  condition.  Also,  the  linkage 
of  AJ  value  and  the  yield  losses  is  quite  strong. 
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AVHRR-derived  cloudiness  and  surface  temperature  patterns 
over  the  Los  Angeles  area  and  their  relationships  to  land  use 
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Abstract.  Eighty-four  co-registered  NOAA  AVHRR  satellite  images  of  the  Los  Angeles  basin  were 
analyzed  for  the  months  of  August  1984  and  1985,  with  the  objectives  of  quantifying  the  differences 
between  surface  temperatures  and  co-located  air  temperatures,  and  of  studying  miao-climates  using  sur¬ 
face  temperature  and  cloudiness  statistics.  Assuming  a  surface  emissivity  of  0.97  and  ignoring  atmos¬ 
pheric  absorption,  satellite  temperatures  were  in  good  agreement  with  air  temperatures  at  night,  with  a 
standard  deviation  of  1.6°C.  During  the  day,  they  were  biased  1.1°C  warm  in  the  morning  and  the  late 
afternoon,  and  5.4°C  warm  at  15:30  local  time,  in  qualitative  agreement  with  models  of  the  planetary 
boundary  layer.  Pixels  were  classified  as  cloudless,  covered  with  low  (warm)  or  high  (cold)  clouds.  At 
03:40,  low  clouds  occur  over  the  ocean  and  cover  the  basin  up  to  the  edge  of  the  San  Gabriel  mountains. 
They  have  dissipated  by  14:40.  Around  14:40,  high  clouds  are  found  over  the  mountains  and  the  desert, 
but  not  over  the  basin.  Surface  temperature  is  correlated  with  altitude.  At  15:10,  the  1800-m  high  San 
Gabriel  mountains  are  ~\TC  colder  than  the  basin.  Valleys  are  seen  as  warmer  features  crossing  the 
mountain  range.  At  03:40,  the  south  flanks  of  the  mountains  are  --3®C  warmer  than  the  basin.  Down¬ 
town  Los  Angeles  corresponds  to  a  heat-island  which  follows  contours  of  building  density.  Despite  the 
1-km  resolution  of  the  AVHRR,  narrow  features  such  as  low  thermal  inertia  freeways  or  high  thermal 
inertia  irrigated  fields  in  the  desert  are  detected  (satellite  infrared  images,  micro-climates). 


1.  Introduction 

Existing  meteorological  observations,  recorded  over  a 
sparse  network  of  stations  (often  at  suburban  airports),  do 
not  have  details  at  miao-climatic  scales.  Surface  tempera¬ 
ture  and  cloudiness  data  are  most  efficiently  collected 
today  by  infrared  scanners  on  board  polar  meteorological 
satellites,  which  provide  surface  temperature  over  the 
entire  earth  twice  daily  at  a  resolution  of  1  km.  The  fre¬ 
quency  and  global  extent  of  their  coverage  create  new 
capabilities  and  provide  accurate  data  directly  applicable  to 
the  analysis  of  micro-climates. 

In  this  paper,  we  analyze  a  series  of  co-registered 
satellite  images  of  the  Los  Angeles  basin  for  the  months  of 
August  1984  and  1985,  with  the  following  objectives:  (1) 
understand  and  quantify  the  differences  tetween  satellite- 
derived  surface  temperatures  and  co-located  air  tempera¬ 
tures;  2)  demonstrate  that  satellite-derived  temperature  and 
cloudiness  statistics  can  yield  useful  informations  on  urban 
miCTO- climates. 

The  data  and  the  processing  steps  are  described  in  sec¬ 
tion  2.  Air  and  satellite-derived  temperatures  are  com¬ 
pared  in  section  3  (some  results  of  this  section  have  previ¬ 
ously  been  discussed  by  Dousset,  1986).  Statistics  of 
cloudiness  and  surface  temperature  are  presented  in  sec¬ 
tions  4  and  5.  Applications  and  future  improvements  of  the 
method  are  discussed  in  the  conclusion. 


2.  Data,  processing  and  corrections 

The  images  are  from  the  Advanced  Very  High  Resolu¬ 
tion  Radiometer  (AVHRR)  on  board  the  NOAA-6,  -7,  -9 
and  -10  satellites.  The  AVHRR  is  a  scanning  radiometer 
with  five  spectral  bands,  centered  at  0.62  pm  (band  1), 
0.91  pm  (band  2),  3.74  pm  (band  3),  10.8  pm  (band  4)  and 
12.0  pm  Grand  5,  NOAA-7  and  -9  only).  The  measurement 
noise  is  -0.1'C  in  bands  4  and  5,  but  can  reach  1°C  in  band 

3.  The  swath  width  on  the  earth  is  3000  km  and  the 
ground  resolution  (pixel  size)  varies  from  l.lxl.l  km^ 
below  the  satellite  to  1.5x4.0  km^  at  the  swath  edges.  The 
satellites  are  launched  at  an  altitude  of  about  800  km  into 
near-polar  sun-synchronous  orbits  and  pass  in  view  of  any 
point  on  the  earth  twice  daily,  around  07:00  and  19:00  local 
time  for  NOAA-6  and  8,  and  03:00  and  15:00  for  NOAA-7 
and  9. 

Eighty-four  images  were  processed  at  the  Scripps 
Satellite  Oceanography  Facility.  Their  time  distribution  is 
shown  in  Fig.  1.  They  were  geometrically  corrected  for  the 
earth  rotation  and  curvature  and  interactively  registered  to 
a  common  Mercator  grid,  the  coverage  of  which  is  shown 
in  Fig.  2.  Small  lakes  such  as  Lake  Perris  (at  [114,86]  km 
on  Fig.  7,  8  and  9)  were  used  as  reference  points  to  obtain 
absolute  positions  accurate  to  -2  pixels  rms. 


'corresponding  address:  Department  of  Meteorology,  University 
of  Hawaii  at  Manoa,  Honoiuiu  HI  96822. 
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Fig.  1.  Time  distribution  of  the  images.  X-axis:  day  of  the  year, 
Y-axis:  local  solar  time.  The  1984  images  are  shown  by  circles  O 
and  the  1985  images  by  triangles  V.  The  1984  images  for  which 
in  situ  data  are  available  are  shown  by  filled  circles  •.  The  histo¬ 
gram  of  the  distribution  is  shown  in  the  right  panel. 


Fig.  2.  Topography  over  the  area  of  the  images  (128  km  on  a 
side).  The  contour  lines  are  labeled  in  m  above  sea  level  North 
is  at  the  upper  left  of  the  frame.  The  section  shown  in  Fig.  10  is 
indicated  by  a  dashed  line.  Copying  this  figure  on  a  transparent 
overlay  now  will  facilitate  the  interpretation  of  Fig.  5  to  9. 


The  radiant  energy  in  each  thermal  infrared  band  was 
then  converted  to  brightness  temperatures  using  Planck's 
law.  In  the  8  pm  to  14  pm  band,  most  natural  and  man¬ 
made  materials  found  in  urban  areas  have  an  emissivity 
smaller  than  the  ocean  (0.99)  (Buetner  and  Kem,  1965):  dry 
sand  (0.914),  wet  sand  '.0.938),  vegetation  (0.975),  glass 
(0.865),  asphalt  (0.958),  plywood  ej.%2),  concrete  (0.966). 
A  residential  block  in  I^s  Angeles,  consisting  mainly  of 
wood  shingle  roofs,  asphalt,  concrete,  vegetation  and  pools, 
has  an  average  emissivity  of  0.965  to  0.97.  The  brightness 
temperature  Tg  is  thus  lower  than  the  true  surface  tem¬ 
perature  T,  and,  in  bands  4  and  5,  can  be  approximated  by 
a  formula  derived  from  Planck's  law: 

Tb=T  -  (lt)XT^IC 


where  £  is  the  emissivity,  X  is  the  wavelength  band  in  m,  C. 
=  1.44'10-2m‘>K,  and  T  and  Tg  are  in  °K.  For  T  =  aO'C,  the 
correction  is  0.6®C  for  each  %  of  emissivity  below  100%. 
Lacking  detailed  information  on  surface  emissivities,  we 
applied  this  correction  to  all  the  images,  assuming  e=0.97. 

A  surface  that  is  not  a  perfect  black  body  also  reflects 
solar  radiation  (KirchofFs  law),  resulting  in  a  brightness 
temperature  error.  For  a  reflectance  a=l-e=0.03  in  the 
thermal  infrared,  this  error  can  reach  10°C  at  3.74  pm,  but 
is  negligible  in  bands  4  and  5  around  11  pm. 

The  infrared  radiation  emitted  by  the  surface  is  par¬ 
tially  absorbed  in  the  atmosphere,  mainly  by  water  vapor. 
This  absorption  lowers  the  brightness  temperatures  meas¬ 
ured  by  the  satellite.  The  spectral  bands  of  the  AVHRR 
correspond  to  "windows"  at  which  the  radiation  is  least 
absorted.  In  tropical  regions,  where  the  moisture  content 
of  the  atmosphere  reaches  60  kg/m^  the  errors  due  to 
absorption  are  still  about  10°C  in  band  5,  7°C  in  band  4 
and  3°C  in  band  3.  Surface  temperatures  are  then 
estimated  using  empirical  multispectral  corrections 
(McClain  et  ai,  1985).  Since  moisture  content  in  dry  sub¬ 
tropical  regions  such  as  Southern  California  is  typically 
-10  kg/m^,  corresponding  to  a  brightness  temperature  error 
less  than  1°C  for  band  4,  this  band  was  chosen  and  the 
water  vapor  correction  was  neglected  in  this  preliminary 
study. 


3.  Comparison  with  air  temperatures 

Seven  images  correspond  to  an  intensive  experiment 
during  which  hourly  data  from  44  meteorological  stations 
and  4-hourly  data  from  11  sounding  stations  were  recorded 
(Project  BASIN,  August  8  to  10,  1984;  Wakimoto  and  Wur- 
tele,  1984).  Surface  temperature  co-located  with  the  stations 
were  extracted  from  the  images.  Cloudy  pixels  were 
rejected  using  the  radiance  difference  between  3.7pm  and 
10.8  pm  for  night  images,  and  the  near-infrared  reflectance 
for  daytime  images.  Stations  at  an  altitude  higher  than 
400  m  such  as  Mt.  Wilson  were  also  rejected  to  avoid  the 
problem  of  relating  pixel-average  temperatures  with  point 
data  taken  in  rough  terrain. 
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Fig.  3.  Scatter  plot  of  satellite  temperature  versus  air  tempera¬ 
ture  for  NOAA-6  at  08.15  and  19:00  (+)  and  NOAA-7  at  04:00 
(x)  and  16:00  (*). 


Table  1.  Mean  and  standard  deviation  o  of  the  difference 
between  satellite  and  air  temperatures  at  different  times  of  the 
day. 


time 

symbol 

mean 

a 

It  points 

It  images 

04:30 

+ 

O.O'C 

1.60C 

29 

3 

07:00,19:00 

X 

Ll^C 

1.5°C 

34 

2 

15:30 

♦ 

5.4<’C 

2.3<’C 

54 

2 

Fig.  3  is  a  scatter  plot  of  satellite  temperature  versus 
surface  air  temperature  for  all  the  satellite  images;  the 
corresponding  statistics  are  shown  in  Table  1.  At  night,  the 
satellite  temperatures  are  in  good  agreement  with  air  tem¬ 
peratures;  the  standard  deviation  of  the  differo^ce  is  I.6®C 
(to  provide  a  reference,  comparisons  between  corrected 
satellite  temperatures  and  ocean  surface  temperatures  have 
a  typical  scatter  of  -0.6°C;  Bernstein,  1982).  In  the  after¬ 
noon,  satellite  temperatures  are  about  5.4'’C  warmer  than 
the  air.  The  standard  deviation  is  2.3°C. 

The  standard  deviations  are  remarkably  small  given 
the  fundamental  difference  between  pixel-averaged  surface 
temperatures  and  point  measurements  of  air  temperature. 
The  diurnal  cycle  of  the  moan  difference  is  in  qualitative 
agreement  with  simple  planetary  boundary  layer  models, 
which  predict  the  largest  difference  in  the  early  afternoon 
when  the  incoming  solar  radiation  is  most  intense.  The 
larger  standard  deviation  at  15.30  reflects  more  turbulent 
conditions  in  the  afternoon,  as  evidenced  by  peak-to-peak 
fluctuations  of  1.5°C  over  less  than  10  minutes  observed  at 
a  meteorological  station  in  downtown  L.A. 


4.  Cloud  statistics 

During  the  day,  cloudy  pixels  were  flagged  when 
band  2  exceeded  a  threshold  based  on  the  histograms  of 
cloud-free  images.  At  night,  cloudy  pixels  were  flagged 
when  the  difference  between  band  3  and  band  4  exceeded 
a  threshold  based  on  the  histograms  of  cloud-free  images 
(the  emissivity  of  clouds  is  0.70  at  3.7  pun  versus  0.99  at 
11  pm).  Examples  of  histograms  of  cloud-free  and  cloud- 
covered  images  are  shown  in  Fig.  4.  The  brightness  tem¬ 
peratures  in  band  4  was  used  to  differentiate  between  low 
(stratus)  clouds  and  high  (convective)  clouds.  Maps  of 
cloud  probability  were  then  constructed  for  each  set  of 
images  at  the  average  times  of  satellite  passage  shown  in 
Fig.  1. 

At  -03:40  average  local  time  (Fig.  5),  stratus  clouds 
cover  the  ocean  and  the  coast  in  80%  of  the  images  and  in 
40%  to  60%  penetrate  over  the  low-altitude  Los  Angeles 
basin  to  the  edge  of  the  San  Gabriel  mountains  and  to  San 
Bernardino  valley.  These  low  clouds  do  not  occur  over  the 
mountains  and  in  the  Mojave  desert.  Similar  patterns  are 
seen  at  -07:40  (not  shown),  when  stratus  clouds  cover  the 
ocean  and  the  coast  in  30  to  40%  of  the  images  and  in  10  to 
20%  extend  over  the  basin.  At  -15:10  (Fig.  6),  low  clouds 
have  dissipated  and  high  clouds  are  found  in  15%  to  20% 
of  the  images  over  the  mountains  and  the  desert,  but  in 
less  than  3%  over  the  basin.  At  -18:50  (not  shown),  low 
clouds  have  formed  again  over  the  ocean  in  10  to  25%  of 
the  images  and  in  5  to  15%  extend  over  the  basin. 
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Fig.  4.  Histograms  used  for  cloud  classification,  (a)  albedo  of  a 
partially  cloudy  daytime  unage,  (b)  albedo  of  a  cloudless  daytime 
image,  (c)  band  4  -  band  3  of  a  partially  cloudy  night  image,  (d) 
band  4  -  band  Sofa  cloudless  night  image. 
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These  cloud  patterns  corresponds  to  the  mesoscale  climate 
of  the  region.  A  deck  of  marine  stratus  form  over  the 
ocean  when  warm  moist  marine  air  masses  are  advected 
over  cold  coastal  water,  and  fills  the  entire  low-altitude 
basin.  The  maximum  elevation  reached  by  the  stratus  deck 
in  the  03:40  and  07:40  images  is  about  600  m,  consistent 
with  the  reported  300  to  600-m  thickness  of  the  marine 
layer  (Elford,  1970). 

5.  Temperature  statistics 

Maps  of  average  surface  temperature  were  constructed 
for  each  set  of  images  at  the  different  times  of  satellite  pas¬ 
sage  (Fig.  1).  Because  the  rate  of  change  of  surface  tem¬ 
perature  is  large  in  the  afternoon,  separate  averages  were 
computed  for  1984  (-15:10  local  time)  and  1985  (-13.55), 
but  the  two  years  were  combined  for  03.40,  07.40  and 
18:50.  Pixels  flagged  as  cloud  in  the  previous  section  were 
omitted  from  the  average,  and  average  pixels  with  a  cloud 
probability  larger  than  75%  were  discarted  (they  appear  as 
a  white  mask  over  the  ocean  in  Fig.  8). 

A.t  15:10  (Fig.  7),  the  -  1809-m  high  San  Gabriel  moun 
tains  are  12‘’C  colder  than  the  low-altitude  basin.  Valleys 
are  seen  as  warmer  features  crossing  the  mountain  range 
(e.g.  near  (64,96]  km).  Coastal  relief  such  as  the  Santa 
Monica  and  Santa  Ana  mountains  are  also  colder  than  the 
basin.  Surface  temperatures  exceeds  33°C  in  San  Fernando 
valley,  San  Bernardino  valley  and  the  Mojave  desert. 


Tlie  San  Andreas  fault  can  be  seen  as  a  cold  anomaly 
aossing  the  desert  near  [0,96]  km.  Other  cold  spots  in  the 
desert  correspond  to  irrigated  fields,  which  were  identified 
in  a  multispectral  Landsat  image.  Higher  temperatures  are 
found  downtown  L.A.  near  [45,45]  km,  and  in  the  indus¬ 
trial  area  of  Long  Beach  near  [64,32]  km. 

At  -03:40  (Hg.  8),  the  south  flanks  of  the  Santa  Ana 
and  San  Gabriel  mountains  are  in  general  ~3°C  warmer 
than  San  Fernando  and  San  Bernardino  valleys  (e.g.  near 
[50,75]  km,  or  [120,70]  km),  despite  their  higher  altitude. 
The  causes  of  this  effect  are  not  understood.  Warmer  tem¬ 
peratures  are  also  found  in  downtown  LA.  and  around 
Long  Beach,  presumably  reflecting  nocturnal  heat  islands, 
the  contour  of  which  closely  follows  contours  of  building 
density  obtained  from  a  Landsat  image.  The  San  Andreas 
fault  appears  as  a  warm  anomaly.  Small  details  such  Inter¬ 
state  10  running  parallel  to  the  San  Gabriel  mountains 
(from  [69,78]  km  to  [105,114]  km)  are  distinctly  warmer 
than  the  background. 

To  further  illustrate  these  temperature  variations,  a 
profile  of  average  temperatures  from  LAX  Airport  to  the 
Mojave  desert  through  downtown  L.A.  is  shown  in  Fig.  9. 
The  correlation  with  topography  is  clear.  Heat  islands  in 
downtown  L.A.  (at  20  km  from  the  coast)  and  South 
Pasadena  (at  40  km)  are  noticeable.  The  transition  from 
ocean  to  land  is  spread  over  -2  km,  as  should  be  expected 
given  the  ~2-km  rms  geolocation  error. 


Fig.  7.  Average  temperature  of  cloudless  pixels  from  18  images  Fig.  8.  Average  temperature  of  cloudless  pixels  from  11  images 
measured  around  15:10  in  August  1984.  measured  around  03:40  in  August  1984  and  1985. 


The  difference  between  the  15:f0  and  03:40  average 
temperature  maps  is  shown  in  Fig.  10.  The  ampiitude  is 
iess  than  5°C  over  the  ocean  and  Perris  iake,  -10°C  over 
the  mountains,  -15°C  over  the  basin,  and  reaches  25°  in  the 
west  of  San  Fernando  Valley,  the  east  of  San  Bernardino 
valley,  and  in  the  Mojave  desert. 

6,  Conclusion 

We  have  demonstrated  that  statistics  of  series  of  accu¬ 
rately  co-registered  satellite  infrared  images  yield  a  wealth 
of  informations  on  miao-climatic  processes  at  a  scale  of  a 
few  kilometers.  Although  for  this  preliminary  study  we 
chose  a  very  simplified  treatment  of  atmospheric  absorp¬ 
tion,  surface  emissivity  and  cloud  detection,  the  qualitative 
aspects  of  the  temperature  and  cloudiness  maps,  such  as 
amplitude  of  the  diurnal  cycle,  positions  of  urban  heat 
islands  and  distribution  of  cloud  types  should  not  be 
affected. 

Future  work  will  improve  the  treatment  along  the  fol- 
lov/in^  lines* 

(i)  the  error  due  to  the  absorption  of  infrared  radiation  by 
water  vapor  in  the  atmosphere  will  be  computed 
directly  from  radio-sonde  data  using  an  atmospheric 
transmittance  model  such  as  LOWTRAN  (Kneizys  et 
al,,  1980);  this  will  provide  an  estimate  of  the  emis¬ 
sivity  difference  between  bands  4  and  5; 


DKTANCE(km) 


Fig.  9.  Bottom:  average  profiles  of  surface  temperature  across  the 
Los  Angeles  basin  from  33°45N  118°4m  to  34°27N  117°36W, 
at  -03:40  (11  images),  -07:40  (21),  -13:55  (15),  -15:10  (18) 
and  -18:50  (19).  Top:  corresponding  digital  topography.  Salient 
geographic  features  are  indicated. 
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Fig.  10.  Difference  between  the  average  tempera  hires  shown  in 
Fig.  7  and  8. 


(ii)  the  cloud-detection  algorithm  will  be  improved  by 
companng  the  albedo  of  each  pixel  with  the  average 
clear  albedo,  allowing  a  better  differentiation  between 
white  sands  and  thin  stratus  or  sub-pixel  cumulus 
clouds,  which  may  be  missed  by  the  threshold  tech¬ 
nique  used  here; 

(iii)  the  observed  difference  between  air  and  surface  tem¬ 
perature  will  be  compared  with  the  predictions  of  a 
planetary  boundary  layer  model  forced  by  the 
meteorological  data  available  from  project  BASIN. 


Microclimatic  statistics  such  as  those  presented  here 
have  direct  applications  to  urban  planning  and  building 
design.  First,  a  better  understanding  of  urban  heat  island 
effects  may  help  control  them  when  planning  new  neigh¬ 
borhoods,  by  selecting  the  albedo  of  roofs,  the  clustering  of 
buildings  and  the  distribution  of  green  areas.  Second, 
these  statistics  provide  high  resolution  climatic  data  needed 
when  designing  energy-efficient  constructions. 
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Abstract 

Several  methods  may  be  used  to  estimate  regional 
scale  evapotranspiration  (ET)  from  satellite  thermal 
measurements.  These  procedures  assume  knowledge  of 
surface  roughness,  albedo,  vegetation  properties, 
etc.  In  many  areas  these  parameters  are  not 
accurately  known  due  to  rapidity  of  change  of 
vegetation,  lack  of  a  ground  data  base,  and  low 
spatial  resolution  of  satellite  data  which  results  in 
composite  picture  elements.  In  this  paper,  ET  is 
estimated  by  relating  surface  temperature  to 
vegetation  index.  The  method  requires  estimates  of 
ET  for  completely  vegetated  area  and  non-vegetated 
areas.  A  property  is  Identified  for  discrimination 
of  cirrus  clouds  from  areas  of  varying  soil  moisture. 
A  data  bank  of  surface  properties  is  needed  for 
description  of  large  scale  surface  processes. 
(Keywords-Evapotransplratlon,  AVHRR,  crops) 

Introduction 

Several  procedures  exist  using  satellite  data  to 
estimate  evapotranspiration  (ET)  over  large  areas. 
Numerical  models  (Carlson,  et  al.  1981,  Taconet  et. 
al.,  1986)  and  field  experiments  have  produced 
accurate  methods  for  describing  various  surfaces. 
These  methods  may  be  applied  over  the  entire  eaih, 
yielding  data  for  numerical  simulation  models. 
Although  the  land  surface  is  non-uniform  at  the 
50-200  km  scale  of  such  models,  a  method  for 
aggregating  results  can  yield  parameterized  values 
(Price,  1982a).  However  present  methods  of  analysis 
assume  that  values  are  known  for  surface  roughness, 
albedo,  and  emissivlty,  plus  canopy  parameters  for 
vegetated  areas.  This  a.'sumption  is  unsuitable  when 
surface  conditions  arc  not  in  a  natural  state,  but 
change  according  to  agricultural  and  industrial 
practices,  clearing  and  burning,  reforestation,  etc. 
Also  the  Advanced  Very  High  Resolution  Radiometer 
(AVHPR)  lacks  spatial  resolution  to  assure  uniform 
surface  conditions  within  a  field  of  view.  This  is 
not  a  problem,  if  detailed  information  exists 
regarding  surface  properties  for  each  area.  Analysis 
at  small  scales,  followed  by  aggregation  of  results 
would  provide  a  solution. 

This  approach  is  not  applicable,  as  Landsat  and  SPOT 
do  not  provide  coverage  frequency.  Figures  1  and  2, 
showing  surface  temperature  and  vegetation  index, 
illustrate  tvpical  variability.  Considering  cloud 
cover,  the  interval  between  Landsat  observations  is 
too  long.  Aggregation  of  Landsat  data  would  result 
in  multiple  surface  types  for  most  1  km  AVHRR  data 
points. 


The  problem  of  describing  ET  accurately  for  each  data 
point  without  knowledge  of  the  surface  parameters  is 
insoluble.  Ue  address  this  problem,  relying  on  the 
variability  typical  of  most  areas.  Section  2 
discusses  elements  of  the  surface  energy  and  moisture 
balance.  A  vegetation  index  can  discriminate 
vegetation  from  soils,  which  have  different  moisture 
transfer  properties.  Section  3  addresses  variability 
within  each  AVHRR  measurement  and  the  procedure  for 
inferring  regional  scale  properties.  The  need  for  a 
statistical  data  base  of  surface  properties  is 
discussed  in  section  A. 

2.  Surface  Energy  and  Moisture  Balance 

Fluxes  of  energy,  momentum,  and  moisture  at  the 
earth's  surface  are  affected  by  meteorological 
conditions  and  by  the  physical  state  of  the  surface. 
Some  variables  may  be  inferred  from  remote  sensing. 

A.  Surface  Temperature  and  Emitted  Radiation 

Surface  temperature  affects  the  partitioning  of 
energy  at  the  earth's  surface  through  its  effect  on 
latent  and  sensible  heat  fluxes,  sensible  heat  flux 
into  the  ground,  and  radiation  to  the  atmosphere. 

Land  surface  temperatures  may  be  evtimated  by  (Price, 
198A) 

^BB  -  \  ■  Tj)  (1) 

Here  T^g  is  the  radiance  temperature  and  T^  and  Tj 

are  temperatures  derived  from  AVHRR  channels  4  ana  5. 
This  formula  must  be  adjusted  for  emissivlty.  We 
correct  a  sign  error  in  the  previous  evaluation 

T^  -  (  T^  +  3.3  ■  (T^  -  Tj)  )  •  (  5.5  -  £^)/A.5 
-  0.75  •  T^  ■(  (^  -<5)  (2) 

where  t,  and  t,  are  emissivities  and  T  is  the 
4  5  S 

surface  temperature.  However  information  concerning 
spectral  emissivlty  is  generally  unavailable, 

B.  Albedo 

Albedo  may  be  estimated  from  AVHRR  channels  1  and  2. 
Complicating  factors  exist,  e.g.  these  spectral 
Intervals  do  not  represent  the  full  solar  spectrum, 
angular  variations  occur  in  the  satellite  data,  and 
the  effect  of  the  earth's  atmosphere.  Gutman  (1988) 
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Figure  1.  Vegetation  Index  derived  from  Landsat 
data,  with  higher  values  bright,  lower  values  dark. 
This  area  corresponds  to  170  AVHRR  measurements. 


Figure  2  Temperature  values  corresponding  to  figure 
1,  with  high  values  bright,  cooler  areas  dark. 


C.  Vegetation  Index 

The  presence  or  absence  of  vegetation  affects  surface 
energy  and  moisture  fluxes.  Vegetation  can  extract 
water  from  significant  depths,  while  bare  soil  is  to 
a  first  approximation  cither  wet  or  dry.  Vegetation 
also  Increases  surface  roughness,  while  bare  soil 
rapidly  erodes  to  a  very  smooth  condition. 

There  Is  no  standard  formula  for  deriving  vegetation 
cover  from  the  satellite  data.  From  a  number  of 
formulas  we  select  the  normalized  difference 
vegetation  Index  V  (Perry  and  Lautenschlagcr,  1984, 
Gutman,  1987) 


V 


<°2  •  «1> 

(32  +  aj^) 


(3) 


where  a^^  and  arc  radiance  values  measured  by  AVHRR 

channels  1  and  2.  In  AVHRR  data  V  values  generally 
range  from  0.05  to  approximately  .65.  Note  that  V 
is  an  Index,  and  does  relate  directly  to  leaf  area 
Index  or  other  measurable  quantities.  V  does  not 
satisfy  the  associative  property  for  area 
measurements.  Thus,  In  general, 

A  ■  V(A)  +B  •  V(B)  (A+B)  ■  V(A+B)  (4) 


where  A  and  B  are  contiguous  areas.  The  discrepancy 
Increases  with  the  spatial  Inhomogenelty  of  the  area. 
Thus  In  general 


<^2v'  ^lv> 
(“2v+  «lv> 


+  (1  -  f) 


(  f 


(®2v'  ^lv>  * 


f) 


<“2g+  «lg> 


I  f  ■  («2v^ 


f) 


i!2£_llgil  (5) 


<“2g^  «lg)  1 


as  Illustrated  In  figure  3  for  a  mixture  of  totally 
vegetated  (v)  and  non-vegetated  (g)  areas  with 
fractions  f  and  1-f.  Evidently  the  straight  line 
relationship  between  V  and  vegetation  cover  Is  not 
reproduced  by  a  hypothetical  sensor  which  observes  an 
area  of  mixed  cover,  where  the  difference  can  be 
close  to  30%. 


Figure  3.  Normalized  vegetation  Index  does  not 
satisfy  the  associative  property,  as  Illustrated  by 
the  difference  between  hypothetical  high  resolution 
measurements  and  low  resolution  (average)  values. 

Evidently  additional  information  Is  required  to 
distinguish  a  uniform  vegetation  cover  of  low 
density,  as  a  crop  In  early  growth,  or  a  drought 
distressed  area,  from  an  area  with  midseason 
vegetation  and  bare  or  fallow  areas. 

3.  Evapotransplratlon  from  Heterogeneous  Areas 

Because  the  Interaction  of  the  earth's  surface  and 
atmosphere  is  extremely  complex,  we  address  only 
estimation  of  the  moisture  flux.  The  problem  has  two 
aspects,  availability  of  surface  parameters,  and  the 
method  of  analysis,  given  these  data. 

Firstly,  a  regional  description  of  vegetation  and 
soil  characteristics  is  not  available.  One  could  not 
go  to  a  general  location  and  find  values  for  surface 
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roughness,  moisture  characteristics,  etc.  Neither 
conventional  nor  satellite  based  work  to  date 
emphasizes  the  values  for  these  quantities  at 
regional  scale.  Such  data  could  also  be  obtained 
from  a  sampling  of  ground  sites. 


The  proper  ET  yields  a  temperature  equal  to  that  seen 
by  the  satellite.  Regional  evapotranspiratlon  is 
obtained  by  summing  weighted  values  from  bare  soil 
and  vegetation,  where  vegetation  Index  gives  the 
proportions. 


Secondly,  we  do  not  know  the  fraction  of  different 
surface  types  for  each  AVHRR  pixel.  In  most  regions 
farming,  forest  clearing.  Irrigation  projects,  and 
changing  habitation  density  produce  nonunlformlty  of 
the  earth's  surface.  If  a  detailed  description  of 
the  land  surface  Is  not  required,  then  the  procedure 
developed  here  applies. 

A.  Procedure 


We  allow  for  variable  surface  conditions  and  mixed 
surface  types.  Bach  area  Is  comprised  of  a  mixture 
of  a  vegetated  area  and  an  area  of  bare  soil  and/or 
dead  vegetation.  We  compute  values  for  the  "mixed 
pixels",  or  heterogeneous  areas.  For  such 
measurements  the  satellite  measured  radiance  Is 
S  a  -  a^  +  a  and  the  vegetation  Index  at  p  Is 


V  -  f 


+  (1-f) 


(6) 


Using  Eq.  2  for  surface  temperature,  and  for  a  20-40C 
temperature  range, 

T  -  f  ■  T  +  (1  -  f)  •  T  (7) 

P  V  '  g 

where  Is  the  weighted  sum  of  values  from  soil  and 

vegetation.  Error  sources  In  section  2  tend  to 
destroy  the  relationship  between  temperature  and 
vegetation  Index.  However  many  data  sets  show  a 
linear  relationship  between  T  and  V  <Flg.  4). 
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Figure  4.  Typical  relationship  of  vegetation  Index 
and  temperature. 


Thus  we  may  use  the  ratio, 

f  .  V  +  (l-f)  .  V 

R - - - L  (8) 

f  ■  T  +  (l-f)  ■  T 
V  '  g 

or  a  two  dimensional  histogram  of  the  data  to 
estimate  temperatures  for  vegetation  and  bare  soil. 
Given  these  temperatures  we  derive  values  for  ET  of 
the  two  surface  types  from  models  which  use  surface 
meteorological  data  plus  assumed  surface  parameters 


B.  Application  to  a  satellite  data  set 

The  data  discussed  represents  a  large  relatively 
cloud  free  area  at  a  time  of  local  variability  In 
moisture  conditions.  Figures  5  and  6  Illustrate  V 

and  T  In  the  central  plains, 
s 


Figure  5.  Vegetation  Index  on  July  20,  1981  for  an 
area  In  western  Nebraska.  At  the  lower  right  Is  an 
Irrigated  region  on  the  North  Platte  river. 


Figure  6.  Surface  temperatures  for  area  of  figure  5. 
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Comparison  shows  the  association  of  high  temperature 
with  low  vegetation  index.  However  a  substantial 
portion  of  the  total  non-vegetated  area  is  cool 
(dark)  relative  to  other  areas  which  are  also  not 
vegetated.  We  relate  cooler  patterns  to  increased 
surface  moisture  in  the  soil  and  stubble  remaining 
from  harvested  winter  wheat.  The  population  of  T-V 
values  (Fig  7)  corresponds  to  mixtures  of  vegetation, 
dry  soil,  and  wet  soil. 


SURFACE  TEMPERATURE 


Figure  7 .  Form  of  the  population  of  values  from 
figures  5  and  6. 

We  treat  soil  of  intermediate  moisture  as  a  weighted 
sura  of  wet  and  dry  soil.  Then  letting  subscript  1 
correspond  to  vegetation,  2  to  dry  soil,  and  3  to  wet 
soil,  we  have 


The  utility  of  this  approach  depends  on  using  figure 
7  to  locate  for  pure  vegetation  cover,  for 

dry  soil,  and  for  moist  soil.  These  values  permit 
estimation  of  the  LEj^  values,  which  in  turn  permit 

estimation  of  LE  for  mixed  surface  types. 

Figures  S  and  6  include  small  water  bodies  as  well  as 
scattered  cumulus  clouds.  While  clouds  should  be 
eliminated,  water  bodies  provide  additional  context 
through  their  temperature  and  reflectance  values. 

Such  information  could  be  used  to  correct  satellite 
data  for  atmospheric  effects. 

Discrimination  of  Moist  Soil  from  Cirrus  Clouds 

The  darker  areas  in  figure  6  resemble  cirrus  clouds. 
We  can  eliminate  this  possibility.  Thin  cirrus 
lowers  temperatures  of  all  surface  features, 
including  vegetation.  Thus  we  expect  to  see  a 
temperature  difference  between  vegetation  in  cirrus 
areas,  versus  that  in  uncontaminated  areas.  In  the 
example  vegetation  temperatures  are  the  same  in  both 
areas.  Thus  the  blotchy  appearance  is  due  to  surface 
moisture  variations 

4.  Conclusion  and  recommendations 

A  method  has  been  developed  which  relates  contextual 
Information  in  AVHRR  data  to  regional  ET.  This 
procedure  permits  estimation  of  ET  in  areas  where 
spatial  variability  prevents  knowledge  of  detailed 
surface  descriptions.  Instead  only  regional  values 
of  vegetation  and  soil  characteristics  are  required. 
An  atlas  or  data  base  for  surface  characteristics  is 
needed  for  such  a  description. 
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ABSTRACT 

Surface-air  temperature  differences  are  commonly  used 
in  a  bulk  resistance  equation  for  estimating  sensible 
heat  flux,  H.  This  estimate  of  It  is  inserted  in  the 
one-dimensional  energy  balance  equation  to  solve  for 
the  latent  heat  flux,  LE,  as  a  residual.  Serious 
discrepancies  between  estimated  and  measured  LL  have 
been  observed  for  partial  canopy  cover  conditions, 
which  are  mainly  attributed  to  inappropriate  estimates 
of  H.  In  an  attempt  to  improve  the  estimates  of  H 
over  sparse  canopies  and  as  a  result  compute  more 
accurate  values  of  LE,  one-  and  two-layer  resistance 
models  are  developed  to  account  for  some  of  the 
factors  causing  poor  agreement.  The  utility  of  these 
two  approaches  for  estimating  LL  at  the  field  scale  is 
tested  with  remotely  sensed  and  raicrometeorological 
data  collected  in  an  arid  environment  from  a  furrowed 
cotton  field  with  20  percent  cover  and  a  dry  soil  sur¬ 
face.  It  is  found  that  the  one-layer  model  performed 
better  than  the  two-layer  model,  but  only  when  a 
theoretical  bluff-body  correction  for  heat  transfer 
instead  of  an  empirical  adjustment,  thought  to  be 
applicable  to  a  fairly  wide  range  of  conditions,  is 
used.  This  is  attributed  to  the  significant  size  of 
the  furrows  relative  to  the  height  of  the  vegetation. 

Keywords:  Energy  balance,  latent  heat  flux, 
resistance  models,  sensible  heat  flux,  thermal  IR 


1.  INTRODUCTION 

One  of  the  applications  of  remote  sensing  data  in  the 
thermal  infrared  (IR)  spectrum  is  to  determine  the 
skin  temperature  of  the  earth's  surface.  This 
information  has  been  incorporated  in  various  models 
for  computing  the  evapotranspiration  (ET),  which  is 
usually  the  second  largest  quantity  (precipitation 
being  first)  in  the  hydrologic  cycle. 

This  paper  discusses  a  method  whereby  ET  is  solved  as 
a  residual  in  the  one-dimensional  surface  energy 
balance  equation  [1],  viz., 

LE  =  Rn  -  G  -  H  (1) 

In  Eq.  (1)  LE,  Rn,  G,  and  H  are  the  latent  heat  flux, 
net  radiation,  soil  heat  flux,  and  sensible  heat  flux. 


respectively.  Energy  associated  with  photosynthesis, 
stored  in  the  vegetation  and  in  the  canopy  air  space 
is  neglected. 

Estimates  of  Rn  and  G  come  from  micrometeorological 
measurements  or  from  a  combination  of  meteorological 
and  remote  sensing  data  [2].  Attempts  to  provide  a 
simplified  parameterization  for  estimating  sensible 
heat  flux  have  not  been  very  successful  because  of 
the  relatively  strong  dependence  of  the  transfer 
coefficient  on  various  surface  and  meteorological 
conditions  [3].  Consequently,  computing  reliable 
values  of  H  represents  the  roost  formidable  obstacle 
in  the  residual  method  (i.e.,  Eq.  (1)).  It  is  the 
objective  of  this  paper  to  consider  one-  and  two-layer 
parameterizations  of  the  surface  energy  balance  over 
partial  canopy  cover  to  assess  the  complexity  required 
to  obtain  accurate  estimates  of  ET.  This  will  mainly 
involve  the  comparison  of  various  schemes  for  esti¬ 
mating  the  one-dimensional  resistance  to  heat  transfer 
across  the  substrate-canopy-atmosphere  Interface. 


2.  ONE-  AND  TWO-LAYER  MODEL  FORMULATIONS 

With  mean  wind  speed  and  air  temperature  gradients 
several  meters  above  the  surface,  the  eddy  diffusivity 
concept  has  been  a  common  method  for  computing  H.  The 
integrated  form  of  this  equation  has  typically  been 
expressed  as  a  resistance  type  formula,  analogous  to 
Ohm's  Law  [4].  With  a  composite  radiometric  tempera¬ 
ture  of  the  surface,  the  one- layer  approach  combines 
the  substrate  and  vegetation  into  a  single  idealized 
surface,  yielding  bulk  resistance  equation,  i.e., 

«  =  -  Ta»/Rah  (2) 

where  pCp  is  the  volumetric  heat  capacity  (J  K-1), 
Tj  (K)  air  temperature  at  height  z  (several  meters 
above  the  canopy),  Tj  (K)  the  representative  tempera¬ 
ture  of  the  idealized  one-layer  surface  and  Rah  (s  m"1) 
is  the  bulk  resistance  to  heat  transfer  across  the 
surface-atmosphere  interface.  Recent  studies  have 
shown  a  consistent  inequality  between  therraometric 
measurements  of  Tj  and  Ts  evaluated  by  Eq.  (2)  [5], 

[6].  Clearly,  view  angle  of  the  thermal  radiometer  as 
well  as  canopy  geometry  and  canopy  temperature  profile 
will  also  significantly  affect  the  value  of  Tj 
employed  in  the  one-layer  approach  [5]. 
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The  formula  for  Rgh  is  derived  by  invoking 
layer  similarity  theory  for  scalars  (e.g., 
temperature)  which  yields  an  expression  of 


■'ah 


^  ‘  V"oh> 


In 


((z-d^Vz^ 


/k^u 


surface 
the  form 


The  symbols  and  are  stability  correction 
functions  of  neat  and  momentum,  dg  and  Zq^  the  dis¬ 
placement  height  and  roughness  length  for  momentum,  Zoh 
the  roughness  length  for  heat,  k  (=0.4)  Von  Karman's 
constant  and  u  the  wind  speed  at  level  z.  The  dis¬ 
tinction  made  in  roughness  lengths  for  heat  and 
momentum  is  to  account  for  differences  in  transfer 
processes  when  close  to  the  surface  [7].  Historically 
the  relationship  between  Zoh  and  has  been 
expressed  in  a  dimensionless  form,  viz.,  In  (zo^/Zof,) 
or  kB-1  [8].  For  vegetative  surfaces,  data  and 
theoretical  results  suggest  a  constant  kB‘1  ~  2;  but, 
for  bluff-rough  elements  (e.g.,  a  furrowed  or  plowed 
field)  theoretical  results  show  that  kB-1  can  vary 
from  2  to  around  10.  Moreover,  a  recent  analysis  with 
(2)  over  sparse  canopy  cover  required  that  kB-1  be 
made  a  function  of  the  thermometric  surface  tempera¬ 
ture  observed  from  a  nadir  viewing  thermal  IH  sensor 
to  obtain  satisfactory  results  [9].  Since  the  present 
analysis  considers  sparse  cover,  the  equation  for  kB't 
developed  by  Kustas  et  al.  [9]  was  adopted,  i.e.. 


kB"^  =  0,17  u  (T.  -  TJ 

S  o 


(4a) 


Fig.  1.  Schematic  diagram  of  the  two- layer  model 
illustrating  the  resistance  network  and  the  partition¬ 
ing  of  the  energy  fluxes  between  the  soil /substrate 
and  vegetation.  The  representative  temperature  within 
the  canopy  air  space,  Tq,  has  been  equated  to  the 
aerodynamic  temperature  [5].  Adapted  from 
Shuttleworth  and  Wallace  [11]. 


However,  because  the  field  contained  relatively  large 
furrows  compared  to  the  height  of  the  vegetation  (see 
below)  the  theoretical  equation  for  bluff-rough 
obstacles  was  also  employed  [lU] 

kB‘^  =  2,46(ZgJ^'''’  -  2  (4b) 

The  symbol  Zg,.  is  a  roughness  Reynolds  number 
(=  u*Zofl,/v)  where  v  is  the  kinematic  viscosity  and 
u*  the  shear  velocity. 

Partial  cover  conditions  have  forced  others  to 
consider  the  energy  balance  of  the  substrate  and 
vegetation  separately  to  account  for  large  differences 
in  the  source/sink  heights  of  momentum,  sensible  and 
latent  heat  (e.g.,  [11],  [12]).  In  this  paper  only 
the  partitioning  of  net  radiation,  soil  and  sensible 
heat  flux  between  the  vegetation  and  the  soil  surface 
is  explored  since  the  utility  of  the  residual  approach 
(i.e.,  Eq.  (1))  is  to  be  tested.  Figure  1  illustrates 
the  energy  partitioning  between  the  vegetation  ana  the 
soil  substrate,  and  the  resistance  network  for  heat 
transfer  in  a  two-layer  model. 

The  mean  canopy  resistance  to  heat  transfer  r^g  was 
evaluated  by  first  considering  the  leaf  boundary  layer 
resistance,  rt).  An  equation  from  Oones  [13]  was 
utilized, 

rjj  =  A  (w/u)*'^^  (5) 

where  A  is  a  constant  of  order  90  s1/2  m'^  [4],  w  a 
characteristic  length  scale  taken  as  the  average  leaf 
width  (~0.05  m),  and  u  is  the  local  wind  speed  at  some 
level  inside  the  canopy.  In  order  to  calculate  a 
mean  resistance  per  unit  leaf  area,  r(„  the  wind 
profile  inside  the  canopy  had  to  be  estimated. 


An  exponentially  decreasing  u  with  height  was 
employed,  which  previous  studies  have  shown  to  be  a 
reasonable  approximation  [10], 

u  =  U|^  exp  [-8(1  -  z/h)]  (6) 

The  symbol  h  is  the  canopy  height  (“  0.3  m),  uj,  the 
windspeed  at  h,  and  e  is  the  extinction  factor  evalu¬ 
ated  with  the  equations  of  Goudriaan  [14].  Values  of 
uj,  were  calculated  with  the  wind  profile  data  and 
roughness  parameters  from  Kustas  et  al.  [15],  and 
assuming  near-neutral  conditions  due  to  roughness 
sublayer  effects  [16].  With  the  leaf  area  index,  LAI 
(~0,4),  assumed  uniform  over  the  canopy  height,  Eqs, 
U)  and  (6)  were  numerically  integrated  to  obtain 
r^.  The  resistance  per  unit  ground  area  rg-  was 
obtained  by  using  the  theoretical  results  of 
Shuttleworth  [17],  i.e., 

r^c  = 

Values  of  Rnj  and  Rog  were  determined  using  Beer's 
Law,  assuming  Rn  is  proportional  to  the  global  short¬ 
wave  radiation  flux  and  neglecting  longwave  radiation 
in  the  canopy  caused  by  vertical  temperature 
gradients.  For  Rnj  this  yields 

ROj  =  Rn  exp  (-a  LAI)  (8) 

and  from  Fig.  1  this  gives  for  ROg 

Rn^.  =  Rn  (1-exp  (-o  LAD)  (9) 

The  attenuation  coefficient,  a,  is  primarily  a 
function  of  the  leaf  angle  distribution  and  solar 
elevation  [4].  Adjustment  to  a  for  diffuse  radiation 
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was  neglected.  The  value  of  a  was  estimated  by  taking 
a  spherical  leaf  distribution  exposed  at  a  sunangle  e, 
yielding  a  =  0.5  cosec  e. 

In  order  to  avoid  estimating  the  representative 
temperature  inside  the  canopy  air  space,  Tq  (see 
Fig.  1),  expressions  for  H(.  and  Hj  had  to  be 
developed,  which  were  not  explicitly  dependent  on  Tq. 
An  equation  for  H(.  was  derived  from  algebraic 
manipulation  of  the  resistances  in  Fig.  1  [18]: 


Consequently,  the  larger  quantity  of  the  ground-based 
radiometric  data  collected  for  field  28  between  DOT 
161-165  were  used. 

There  were  19  thermometric  observations  made  between 
OOY  161-165  that  were  used  in  this  analysis.  A 
weighted  average  of  the  1/2  hour  means  of  the  terms 
in  (1)  and  the  meteorological  data,  u  and  Tj,  were 
determined  using  the  mean  time  of  the  thermal  IR 
measurements. 


Ta)  -  «s  "a^/^'^a  *  ''ac) 


(10) 


4.  RESULTS  AND  CONCLUSIONS 


The  resistance  Rj  defined  as  the  bulk  aerodynamic 
resistance,  was  evaluated  with  the  semi -empirical 
formula  from  Hahrt  and  Ek  [19]  for  unstable  conditions. 
A  value  of  Hj  was  computed  indirectly  by  approximating 
LEj  with  the  following  expression 

(Rn^  -  G)/(l  +  Bqj)  (11) 


where  Bqj,  the  Bowen  ratio  for  the  substrate,  was 
assigned  a  constant  value  of  6  from  the  simulation  re¬ 
sults  of  a  drying  soil  by  Choudhury  and  Monteith  [12]. 
Thus,  the  total  latent  heat  flux  of  the  substrate  and 
canopy  was  estimated  by  combining  the  energy  balance 
equations  in  Fig.  1  and  (lO)-(ll),  yielding, 

LE  =  Rn^  -  jpC  (T^-  T^)  -  6  (Rn^-  G)  R^/?} 

'  (12) 

/<V  '•ac>  *  <'^"s- 

with  Rnc  and  Knc  evaluated  by  (8)  and  (9), 
respectively. 

In  summary,  LE  was  solved  with  the  one-layer  model 
using  Eqs.  (l)-(4a),  LEiL(a),  and  (l)-(4b),  LEiL(b). 
The  two-layer  model  estimated  LE  with  Eq.  (12),  LE2l. 


3.  THE  DATA 

The  data  for  this  study  were  collected  over  a  furrowed 
cotton  field  1500  m  east-west  x  300  m  north-south 
located  in  Maricopa  Farms  in  central  Arizona  (33.08°N, 
111.98°W)  from  June  10,  1987  Uay  of  Year  (OOY)  161  to 
June  16,  1987  DOY  165.  A  detailed  discussion  of  the 
micrometeorological  instrumentation  and  agronomic 
measurements  made  in  the  cotton  field  is  given  by 
Kustas  et  al.  [15].  Briefly,  the  agromonic  measure¬ 
ments  gave  a  crop  height  of  0.3  m  spaced  1  m  apart 
and  a  furrow  depth  of  about  0.2  m  with  rows  running 
north-south.  Profiles  of  wind  speed  and  temperature 
were  determined  at  5  levels  above  the  furrow  bottom 
in  the  center  of  the  field.  The  fluxes  LE  and  H  were 
measured  by  the  Bowen  ratio/energy  balance  and  eddy 
correlation  method  with  instruments  located  within 
150  m  of  each  other  and  the  profile  mast.  Differences 
in  the  half-hourly  values  of  H  and  LE  given  by  the  two 
methods  were  analyzed  by  Kunkel  et  al.  [20].  The  eddy 
correlation  measurements  of  H  and  LE  solved  by  (1) 
were  used  for  comparison  with  model  results. 

A  thorough  discussion  and  analysis  of  the  ground-  and 
airborne-based  thermometric  observations  (nadir-look¬ 
ing)  is  given  in  Kustas  et  al.  [21].  One  of  the 
findings  significant  to  this  study  was  that  the  com¬ 
posite  surface  temperature  given  by  the  measurement 
scheme  for  the  ground-based  observations  of  the  sunlit 
and  shaded  soil  temperatures  and  the  canopy  tempera¬ 
ture  were  comparable  to  values  obtained  for  one  of  the 
days  by  an  aircraft  flying  at  an  altitude  of  150  m. 


Estimates  of  LE  with  the  one-  and  two-layer  models 
are  illustrated  in  Fig.  2.  For  the  one-layer  model, 
LEn_(a)-values  are  significantly  smaller  than  measured 
LE  with  appreciable  scatter  while  LEii_(b)-values  are 
only  slightly  larger  on  average  than  the  measured 
witli  much  less  variability  (see  Table  1).  Hence,  it 
appears  that  with  the  nadir  thermometric  observations 
providing  a  composite  surface  temperature,  the 
theoretical  bluff-rough  formulation  for  kB"1  (i.e., 

Eq.  (4b))  is  more  applicable.  This  conclusion  seems 
physically  plausible  given  the  fact  that  the  furrows 
were  of  relatively  large  size  (i.e.,  ~l/2  the  height 
of  the  vegetation)  that  they  significantly  augmented 
momentum  transfer  relative  to  heat  transfer  resulting 
in  a  large  kB-1  required  in  (3).  The  parameterizations 
used  in  the  two-layer  model  resulted  in  LE2L-values 
underestimating  measured  LE,  on  average.  But  there 
was  less  scatter  compared  to  LEiL(a)-values. 

Modeled  vs.  Measured  LE 


Fig.  2.  Comparison  of  measured  latent  heat  flux 
versus  modeled  estimates  with  LEi|_(a)  o,  LEm(b)  «, 
and  LE2L  The  line  represents  perfect  agreement  with 
measured  values. 

Table  1  summarizes  the  results  of  the  one-  and 
two-layer  models  as  the  root  mean  square  error  (RMSE) 
between  computed  and  observed  values  of  latent  heat 
flux.  The  results  listed  in  the  table  suggest  that 
the  one-layer  model  with  Eq.  (4b)  provides  the  most 
accurate  estimates  of  LE.  However,  changes  in  view 
angle  of  a  thermal  IR  sensor  may  result  in  significant 
changes  in  Tr  and  consequently  in  the  adjustment  to 
Kj),,  which  cannot  be  accounted  for  in  the  model. 
Moreover,  the  expression  developed  by  Kustas  et  al.  [9] 
was  not  applicable  to  this  situation.  Thus,  the 
ability  to  adjust  Rah  with  simple  formulations  like 
Eq.  {4a)  may  not  be  feasible. 

Estimates  from  the  two- layer  model  are  an  improvement 
over  the  LEjLial-values,  but  are  relatively  poor  in 
comparison  to  LEm(b)-values.  However,  only  the 
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resistances  to  heat  transfer  in  the  model  formulation 
were  considered.  When  Penman-Nontei th  equations  for 
the  water  vapor  transport  from  the  vegetation  and  the 
soil  are  included,  model  sensitivity  in  computing  LE 
to  errors  in  rjc  and  Rg  are  relatively  small  [11] . 
Yet,  this  necessitates  the  estimation  of  soil  and 
stomatal  resistances  to  water  vapor  transfer  which 
may  be  difficult  to  specify,  especially  under  partial 
canopy  conditions,  without  extensive  ground-based 
measurements  [18], 


Table  1.  Values  of  the  root  mean  square  error  (RUSE) 
between  model  and  predicted  values  of  LE. 


Model 

RMSE 
(W  m'2) 

LEj^^la) 

85 

LE,,(b) 

24 

1-E2L 

48 
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ABSTRACT 

Satellite  data  give  now  localized  and  frequent 
information  used  in  agriculture.  Thermal  IR  data 
from  NOAA  AVHRR  are  ^used  to  map  surface  temperature 
of  pixels  of  1  Km‘.  Physical  relationships  give 
evapotranspiration  from  surface  temperature  and 
other  meteorological  parameters  usually  measured. 

Maps  of  evapotranspiration  are  then  made  for  areas 
where  sugar  cane  is  dominant,  and  are  used  to  follow 
the  water  balance  and  to  control  irrigation  on  this 
crop. 

Key-words  :  NOAA  AVHRR,  Surface  temperature, 
Evapotranspiration,  Irrigation. 


1  -  INTRODUCTION 

Recent  results  obtained  by  CEMAGREF  (France),  ORMVAG 
and  lAV  Hassan  II  (Morocco)  in  the  irrigated  area  of 
Gharb  (Morocco)  show  that  remote  sensing  can  be 
applied  to  the  management  and  the  control  of 
irrigation.  The  study  area  is  a  plain  of  250  000  ha, 
where  100  000  ha  are  irrigated,  in  North-West 

Morocco. 

The  estimation  of  evapotranspiration  and  the 
monitoring  of  water  balance  from  satellite  thermal 
infrared  data  have  been  widely  studied  in  the  past 
few  years  (SEGUIN,  1984).  Recent  studies  carried  out 
at  the  Station  de  Bioclimatologie  INRA,  Avignon, 
France  (VIDAL  et  al,,  1986)  have  resulted  in  a  first 
mapping  of  daily  evapotranspiration.  It  is  based  on 
the  possibility  of  estimating  evapotranspiration  from 
an  instantaneous  value  of  the  Ts-Ta  difference  near 
midday,  according  to  a  statistically  established  and 
theoretically  justified  linear  relation  (JACKSON  et 
al,,  1977  ;  SEGUIN  &  ITIER,  1983  ;  NIEUWENHUIS  et 
al.,  1985  ;  RAMBAL  et  al.,  1985)  : 

ETR  -  Rn  =  A  -  B  (Ts  -  Ta)  (1) 

In  all  cases,  ETR  and  Rn  represent  daily  ev.mo- 
transpiration  and  daily  net  radiation  expressed  in  mm 
of  water.  Ts  and  Ta  (respectively  surface  and  air 
temperature)  are  obtained  at  various  times  (satellite 
pass  for  Ts,  simultaneous  or  maximum  value  forTa). 
Rn  and  Ta  are  obtained  from  the  meteorological 
network. 

This  paper  presents  the  method  used  to  obtain  the 
surface  temperature  from  thermal  IR  data,  then  to 


map  evapotranspiration  of  sugar  cane  from  surface 
temperature.  A  new  method  of  irrigation  control 
using  thermal  IR  data  from  NOAA  satellite  is  then 
presented. 


2  -  LAND  SURFACE  TEMPERATURE  OBTAINED  FROM  THERMAL  IR 
DATA  OF  NOAA-AVHRR 

Estimation  of  land  surface  temperatures  from  thermal 
infrared  bands  of  NOAA  satellites  is  nowadays  usual. 
Radiances  obtained  in  2  atmospheric  windows,  where 
molecular  absorption  is  mipimum,  give,  by  inversion 
of  Planck's  function,  2  black  body  temperatures. 
These  temperatures,  combined  together  by  a  method 
named  "Split-window"  (PRABHAKARA  et  al.,  1975),  give 
finally  a  surface  temperature  (DESCHAMPS  i  FHULPIN, 
1980).  Considering  NOAA  bands  4  (10.3  -  11.3  jiim)  and 
5  (11,5  -  12.5  pm),  the  split-window  equation  can  be 
written  : 

^BB  =  "  ^4  *  Tg  .  C  <2) 

where  Tgg  is  the  equivalent  black  body  surface 
temperature, 

T  is  the  black  body  temperature  obtained  from  band 

i: 

Recent  results  obtained  by  CEMAGREF  (VIDAL,  1989  (1) 
show  that  such  an  equation  may  be  obtained  directly 
frcm  NOAA  data,  as  far  as,  for  certain  days,  the 
difference  T.  -  T,.  is  due  to  atmospheric  effects.  For 
the  area  of  Gharb,  this  equation  becomes  : 

^BB  =  "^4  ^  2.78  (T^  -  T^)  (3) 

Another  problem  is  to  obtain  the  actual  land  surface 
temperature  from  the  black  body  equivalent  surface 
temperature.  One  has  then  to  take  into  account  the 
eraissivity  of  the  land  surface  observed.  This 
emissivity  may  vary  between  bands  4  and  5  of  NOAA 
AVHRR  :  SALISBURY  (1986)  showed  that  there  is  a 
difference  between  land  surface  emissivities  in 
bands  4  and  5  of  NOAA  AVHRR  (respectively  noticed  t 
(  ^),  and  BECKER  (1987)  showed  that  : 

Ts  -  T-„  =  50  «■--  300  (4) 

BB  -  4 

where  Ts  is  the  actual  surface  temperature, 

T is  the  mean  emissivity  in  bands  4  and  5. 

If  a  mean  emiss.  'ity  of  0.96  is  assumed  for  sugar 
cane,  VIDAL  (1989  (1))  showed  thatt^  -  tg  may  be 
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obtained  also  directly  from  NOAA  data.  One  obtains: 

=  0.003  (5) 

With  such  methods  using  only  NOAA  AVHRR  data,  it 
seems  possible  to  obtain  the  actual  land  surface 
temperature  with  a  global  error  of  +  3°K. 


3  -  ESTIMATION  OF  EVAPOTRANSPIRATION  FROM  SURFACE 
TEMPERATURE 

Equation  (1)  varies  according  to  the  crop  which  is 
conside.  ed.  The  theoretical  justification  of  this 
relation  has  been  described  by  SEGUIN  i  ITIER  (1983) 
for  a  thin  surface.  From  Equation  (6)  of  the  energy 
balance  of  a  thin  surface,  where  H  is  the  sensible 
heat  flux,  "d"  means  "daily"  (fluxes  in  equivalent  mm 
of  water),  "i"  means  "instantaneous"  (fluxes  in  W.rT^) 
if  the  ground  heat  flux  is  negligible,  we  have  : 

ETR^  =  Rn^  +  (6) 

An  analysis  of  the  terms  A  and  B  of  (1),  which  depend 
on  the  crop,  was  made  by  VIDAL  i  PERRIER  (1988). 

3.1.  Analysis  of  the  term  A 
If  we  write  : 


D^  =  Hd  /  Rn^  -  H^  /  Rn^ 

(7) 

A  =  0,  .  Rn . 

1  0 

(8) 

The  agroraeteorologlcal  model,  initially  developped 
by  CHOISNEL  (1977)  and  modified  by  VIDAL  et  al. 
(1986),  simulates  the  energy  and  water  balance  of  a 
crop  on  an  hourly  and  a  daily  basis  from  meteorolo¬ 
gical  data  and  simultaneously  computes  EIR  and  the 
mean  Ts  of  the  crop. 

This  model  was  used  to  test  the  sensitivity  of 
parameters  D.  and  A.  It  appeared  that  their  values 
were  rather^  stable  with  time.  It  seemed  then 
possible  to  compute  mean  A  from  (8) ,  and  to  apply 
its  value  to  a  given  area.  Sensitivity  to  crop 
height  was  rather  low  and  we  could  assume,  for  an 
irrigated  sugar  cane  between  1  and  3  m  high  (under 
conditions  of  Gharb,  Morocco)  : 

A  =  0.00  +  0.02  mm  (9) 

3.2.  Analysis  of  the  term  B 

We  consider  a  developped  crop,  whose  height  is  z. 
(Figure  1).  We  suppose  that  all  the  surfaces  or 
leaves  are  at  the  same  surface  temperature  Ts,  equal 
to  the  radiative  temperature  of  the  crop,  which  can 
be  measured  by  IR  radiometer,  or  by  satellite  (see 
also  TACONET  et  al.,  1986). 

Convective  exchanges  between  leaves  and  the 
atmosphere  are  controlled  by  r  ,  r  and  1/h., 
described  on  figure  1.  a  c 


Figure  1  ;  The  one-vegetation-layer,  with  various 
resistances  to  convective  exchanges,  and 
temperatures  (From  VIDAL  St  PERRIER,  1988)  : 

-  r^,  aerodynamic  resistance  of  the  leaves, 

-  r^,  structure  resistance  due  to  stratification  of 
leaves  in  the  crop, 

-  1/hj,  aerodynamic  resistance  between  the  top  of 
the  crop  and  the  reference  level , 

-  Ts,  surface  temperature  of  the  leaves,  equal  to 
radiative  temperature, 

-  Tz.  ,  air  temperature  at  level  z.  ,  height  of  the 
cropv 

-  Ta,  air  temperature  at  reference  level. 


Then,  can  be  written  : 


(Ts-Tz.  ) 
n 


Hi  =  -  pc  h^  (TZj^-  Ta)  =  -  PC - -‘i-  = 


r  +  r 
a  c 


(Ts  -  Ta) 
-pCphi - 

\  (V‘'c>  ^  ^ 


(10) 


we  notice  :  r  =  r  +  r  '  ' 

o  a  c 

as  the  global  resistance  in  the  crop. 

Finally,  we  can  write  : 

B  =  (Rn^  /Rni)pCp  hj  /  (1  +  h^  r^)  (12) 

The  sensitivity  of  B  to  the  crop  height  for  a  wheat 
crop  and  a  sugar  cane  crop  was  simulated  by  VIDAL  St 
PERRIER  (1988).  The  effect  of  z  on  B  is 
attenuated  by  the  effect  of  r  ,  as  1^  can  be  seen 
in  equation  (12).  Finally,  we  could  write  : 


Irrigated  wheat  :  B  =  0.30  +  0.05 

Irrigated  sugar  cane  :  *" 

B  =  0.25  +  0.05  (13) 


4  -  CONTROL  OF  IRRIGATIONS  BY  USING  MAPS  OF 
EVAPOTRANSPIRATION 

NOAA  AVHRR  data  give  thus  maps  of  surface 
temperature  as  shown  in  figure  2. 

From  such  a  map,  one  may  compute  a  map  of  actual 
evapotranspiration,  as  in  figure  3,  by  applying 
equation  (1)  with  A=0  and  B=0.25.  The  global  error 
on  ETR  does  not  exceed  1  mm  per  day. 

It  is  possible  to  set  a  method  to  control 
irrigations,  presented  by  VIDAL  St  BAQRl  (1988). 
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surface  temperature  in  the  area  of  Gharb  (Morocco^. 
The  area  displayed  is  approximatively  (100  Km>  . 


From  VIDAL  (1980  (1)). 


Figure  3  :  Map  of  daily  ETR  obtained  from  the 
previous  image  (see  fig.  2).  The  surrounded  area  is 


the  area  where  sugar  cane  is  dominant. 


4.1.  Hypothesises 

If  we  consider  that  KOAA  pixels  (1  km  x  1  km)  are 
generally  heterogeneous,  wo  limit  us  to  areas 
dominated  by  sugar  cane,  where  it  is  possible  to  map 
evapotranspiration,  as  the  surrounded  area  on  figure 
3.  This  choice  implicitly  assumes  that  there  is  a 
global  stress  on  such  areas,  due  to  low  efficiencies 
in  the  irrigation  network.  This  last  point  concerns 
essentially  secondary  channels  feeding  an  irrigated 
area  of  500  to  1000  ha,  which  represents  5  to  10 
NOAA  pixels. 

Thus  the  control  of  irrigations  by  remote  sensing 
cannot  be  made  at  the  scale  of  the  plot,  but  only 
on  the  most  disadvantaged  areas,  at  the  scale  of  a 
NOAA  pixel. 


4.2.  Method  of  control 

We  present  here  the  method  applied  to  a  homogeneous 


/W  <  Ma««1 


Real  time  starting  and  management  of  irrigation  are 
made  from  a  reference  plot,  giving  the  maximal 
evapotranspiration  (METR)  of  the  crop. 

The  relationship  between  the  ratio  ETR/HETR  and  the 
available  water  capacity  (AWC)  of  the  soil  is 
presented  in  figure  4.  CM  and  Cm  may  be  estimated 
from  ground  measurements  for  a  soil-crop  couple. 


Figure  4  :  Relationship  between  the  ratio  ETR/METR 
and  the  soil  water  capacity  C. 

-  AUC  =  Available  Water  Capacity  =  CX  -  Cm, 

-  FAWC  =  Freely  Available  Water  Capacity  =  CX  -  CM, 

-  ETR/HETR  =  1  for  C^CM, 

-  ETR/METR  =-5_;_9!!!_for  Cmc^C^CM, 

CM  -  Cm 

-  ETR/METR  =  0  for  C^Cm. 

We  suppose  that  the  crop  is  irrigated  on  day  1,  and 
that  it  was  observed  by  satellite  on  day  J^I  (see 
figure  5)  ;  ETR  on  day  J  is  only  known  on  day  J+7, 
considering  the  period  between  acquisition  and 
processing  of  the  data.  We  also  suppose  that  this 
crop  is  disadvantaged  compared  to  the  reference 
plot,  so  that  : 

C(J)  <  CM  and  ETR(J)<  METR  (14) 

Remote  sensed  ETR  gives  then  the  deficit  D(J)  of  the 
observed  crop,  compared  to  CM  : 

D(J)  =  CM  -  C(J)  =  (1  -  --™-)  (CM  -  Cm)  (15) 
METR 

If  we  obtain  an  image  on  day  I  (day  of  irrigation) , 
we  know  then  D(I).  The  crop  receives  an  amount  of 
water  equal  to  FAWC  =  CX  -  CM,  and,  on  day  J+7,  the 
deficit  D(J+7)  =  D(I)  is  conserved.  There  are  then  2 
solutions  to  make  up  this  deficit  at  the  next 
irrigation,  described  on  figure  6. 


c  '  J 


Figure  6  :  Evolution  of  the  soil  water  capacity  C  vs 
time  (notations  :  see  fig.  5).  Remote  sensing  gives 
on  day  J+7  the  deficit  D(J)=CM-C(J)  or,  better, 
D(I).  This  deficit  gives  the  difference  between  the 
actual  level  of  C  (thick  line)  and  the  expected  one 
(thin  line).  It  may  be  maked  up  by  an  earlier 
irrigation  with  the  usual  amount  of  water  (1),  or  by 
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an  irrigation  on  the  expected  day  with  a  arger 
amount  of  water  (2). 

The  same  method  may  be  applied  at  the  NOAA  pi:el 
scale.  From  the  previous  map  of  daily  ETR,  one  can 
compute  a  map  of  daily  ETR,  as  shown  on  Figure  7,  in 
order  to  detect  the  mean  deficit  by  pixel.  Such  a 
map  indicates  the  areas  to  be  favoured  at  the  next 
irrigation,  using  one  of  the  two  presented 
solutions.  _ 


:'i!i  i.fik  nn 

■'.mI  ' 

..fi  4  ' 

- 

n. 

if, 

s 

Figure  7  :  Hap  of  the  daily  ratio  ETR/HETR,  limited 
to  the  area  where  sugar  cane  is  dominant.  This  map 
shows  the  areas  to  be  favoured  at  the  next 
irrigation. 


5  -  CONCUUSION 

It  seems  thus  possible  to  control  irrigations  at  the 
scale  of  NOAA  pixels  (1  km*),  by  using  data  of 
thermal  IR  bands.  This  control  may  be  made  during 
the  irrigation  period,  and  the  results  obtained  may 
then  be  precised  by  using  high  resolution  remote 
sensing  (Spot  or  Landsat  data),  whose  information 
will  be  useful  analysed  before  the  next  year  (VIDAL, 
1989  (2)). 
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ABSTRACT 

The  water  balance  of  a  small  drainage  basin  has  been 
simulated  using  a  simple  storage  model.  Aircraft 
microwave  measurements  of  soil  moisture  have  been  used 
to  construct  two-dimensional  maps  of  the  spatial 
distribution  of  the  soil  moisture.  Using  data  from 
flights  on  different  dates  also  provided  the  temporal 
changes  resulting  from  soil  drainage  and  evapotranspi- 
ration.  A  time  series  of  soil  moisture  appears  to  be 
a  valuable  new  data  form  for  verifying  model  per¬ 
formance  and  for  updating  and  correcting  simulated 
streamflow. 

Keywords:  Evapotranspi ration,  Microwave,  Storage 
Model,  Streamflow,  Water  Balance 


1.  INTRODUCTION 

This  study  is  part  of  the  First  International 
Satellite  Land  Surface  Climatology  Project  Field 
Experiment  (FIFE)  that  was  conducted  at  and  around 
the  Konza  Prairie  Long  Term  Ecological  Research  site 
near  Manhattan,  Kansas  during  the  summer  of  1987. 

The  objectives  of  FIFE  are  to  understand  better  the 
role  of  biology  in  controlling  the  interactions 
between  the  atmosphere  and  the  "vegetated"  land 
surface  and  to  investigate  the  use  of  satellite 
observations  to  infer  climatologically  significant 
land-surface  parameters  [1].  One  phase  of  FIFE  is  an 
investigation  of  soil  moisture  and  its  role  in  the 
biology  and  climatology  of  the  region.  Although 
there  are  no  operational  satellite  sensors  suitable 
for  measuring  soil  moisture,  an  aircraft-borne 
microwave  radiometer  was  used  to  make  remotely  sensed 
measurements  of  soil  moisture. 

One  of  the  FIFE  objectives  was  to  establish  the 
relationship  between  areal  soil  moisture  and  the  other 
water  balance  variables  (i.e.,  rainfall,  evapotranspi- 
ration,  streamflow,  and  groundwater  recharge).  During 
the  first  FIFE  experimental  campaign  we  were  able  to 
collect  spatial  soil  moisture  data  for  several  days 
during  a  dry-down  period  following  a  heavy  rain. 

These  data  gave  us,  for  the  first  time,  the  ability 
to  temporarily  map  soil  moisture  over  a  small  drainage 
basin  and  relate  these  data  to  the  hydrology  of  the 
basin,  specifically  the  base  flow  over  a  seven-day 
period  [2].  This  paper  examines  the  modeling  results 
from  this  previous  work  and  discusses  how  remotely 
sensed  soil  moisture  might  be  used  as  input  data  to  a 


hydrologic  model.  The  idea  being  pursued  is  that  if 
detailed  spatial  soil  moisture  maps  could  be  produced 
on  a  frequent  basis,  say  every  day  or  two,  how  might 
these  data  be  used  in  a  new  input  variable  to  a 
runoff  model  and  what  complementary  data  would  also 
be  required.  The  possibility  of  obtaining  such  data 
is  very  real  for  the  EOS  era. 


2.  STUDY  SITE  AND  DATA  COLLECTION 

The  drainage  basin  selected  for  study  is  a  37.7  ha 
area  totally  in  natural  grasses.  The  area  is  drained 
by  a  stream  and  flow  system  that  flows  only  during  the 
winter  and  late  spring  when  precipitation  is  frequent. 
During  the  summer  and  fall  the  stream  is  dry  except 
for  heavy  rainstorms  and  then  the  streamflow  is  total¬ 
ly  storm  runoff.  Streamflow  was  measured  with  a  120' 
sharp  crested  weir  and  a  clock  driven  analog  recorder. 
Low  flow  calibration  was  accomplished  with  timed  volu¬ 
metric  measurements.  Figure  1  is  a  detailed  map  of 
watershed  ID  that  shows  the  stream  network,  approxi¬ 
mate  elevation  contours  and  instrument  locations. 

EDDY  CORRELATION  TOWER  AND 
AUTOMATIC  METEOROLOGICAL  STATION 


i  IlSo  sion 


Fig.  1.  Detailed  map  of  watershed  ID  showing 
approximate  elevation  contours,  instrument  locations 
and  soil  moisture  sampling  transects. 
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Evapotranspiration  (ET)  and  rainfall  were  measured  as 
part  of  the  overall  FIFE  instrument  network.  ET  was 
measured  by  several  techniques  including  the  Bowen 
ratio  and  eddy  correlation  methods.  General  weather 
conditions  were  measured  by  several  automatic  meteor¬ 
ological  stations.  Near  surface  soil  moisture  was 
measured  with  a  push  broom  microwave  radiometer  (PBMR) 
mounted  in  a  NASA  C-130  aircraft.  The  radiometer 
operates  at  the  21-cm  wavelength  which  has  been  shown 
to  be  most  effective  for  measuring  soil  moisture  [3]. 
It  operates  with  four  beams  which  sweep  a  path  with  a 
width  of  about  1.2  times  the  aircraft's  altitude  above 
the  ground.  The  resolution  of  each  beam  is  about  0.3 
times  the  altitude.  The  PBMR  measures  the  electromag¬ 
netic  emission  from  the  soil  surface  as  a  brightness 
temperature.  Generally,  a  calibration  curve  is 
developed  from  the  ground  measurements  of  soil 
moisture  and  the  measured  brightness  temperature 
normalized  by  the  actual  temperature  of  the  top  5  cm 
soil  layer.  Volumetric  soil  moisture  data  from  the 
transects  were  used  to  develop  the  calibration  curve. 
The  PBMR  provides  a  quasi  two-dimensional  data  set. 
Each  of  the  four  beams  traces  out  a  swath  about  90  m 
wide  so  that  the  total  swath  is  about  350  m  wide  for 
an  aircraft  altitude  of  300  m. 


Table  1.  Summary  of  climatology  for  the  period 
May  27  to  June  4,  1987.  Dates  of  microwave  flights 
and  soil  moisture  are  also  shown. 


Date 

Rain 

(mm) 

ET 

(mm) 

Streamf 1 ow 
(mm) 

May  27 

61.72 

0.00 

0.54 

May  28 

0.08 

3.63* 

0.16 

May  29 

0.68 

2.37* 

0.10 

May  30 

1.69 

5.69 

0.08 

May  31 

0.00 

6.22 

0.09 

Jun  1 

0.00 

5.70 

0.08 

Jun  2 

0.25 

1.17* 

0.10 

Jun  3 

0.00 

5.91 

0.07 

Jun  4 

0.00 

6.40 

0.06 

*Full  day's  data  not  available;  total  daily  value 
estimated  using  data  from  other  Bowen  ratio  sites. 


3.  SPATIAL  DISTRIBUTION  OF  SOIL  MOISTURE 


Ground  measurements  were  taken  to  support  the  remotely 
sensed  data.  Three  transects  were  established  under 
the  aircraft  flight  lines  for  taking  gravimetric  soil 
moisture  samples.  The  transects  and  sample  sites  are 
also  shown  in  Fig.  1.  The  bulk  density  of  the  soil  at 
each  site  was  measured  by  a  water  displacement  method. 
Full  or  partial  transect  data  were  taken  on  all  except 
one  day  (June  2)  of  the  study  period.  Aircraft  PBMR 
data  were  taken  on  four  of  the  days. 

As  stated  above,  the  period  of  study  coinciding  with 
FIFE  began  with  a  soaking  rain  on  May  27  and  was 
followed  by  an  essentially  rain-free  period  or 
drydown  for  the  next  eight  days.  This  provided  the 
opportunity  to  trace  the  changes  in  soil  moisture  in 
response  to  a  high  ET  demand  and  gravity  drainage  to 
the  stream.  Table  1  summarizes  the  daily  climatic 
conditions  during  this  period. 


Figure  2  shows  the  results  of  remotely  sensed  soil 
moisture  in  a  two-dimensional  map  format  for  the  days 
of  Hay  28  and  30,  and  June  4.  The  numbers  associated 
with  the  dashed  contours  indicate  the  volumetric  soil 
moisture  values  in  percent.  The  north  and  south  ends 
of  the  basin  are  missing  soil  moisture  data  for  two 
days  because  the  aircraft  flight  lines  were  displaced 
slightly.  Examination  of  soil  moisture  maps  for  the 
three  dates  points  up  both  the  temporal  changes  and 
certain  locations  where  the  changes  in  soil  moisture 
are  occurring  at  different  rates.  The  June  4  map 
shows  rather  uniformly  low  soil  moisture  over  most  of 
the  basin  except  along  the  southern  boundary.  This 
relatively  high  area  of  soil  moisture  is  probably  the 
result  of  down  gradient  redistribution  of  the  soil 
moisture.  This  area  also  would  represent  the  more 
dynamic  region  of  the  basin,  in  partial  area  or  source 
area  terms. 
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CHANNEL 
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WATERSHED  ID 
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WATERSHED  10 
JUNE  A,  1987 


Fig.  2.  Soil  moisture  map  developed  from  PBMR  data  for  three  dates:  May  28,  May  30  and  June  4  [4]. 


2152 


4.  MODEL  SELECTION 

The  availabiliLy  of  spatial  and  temporal  soil 
moisture  data  provided  a  unique  opportunity  to  model 
the  hydrology  of  the  basin  where  the  soil  moisture 
aspects  could  be  emphasized.  Our  search  for  a  model 
that  has  a  reasonably  sound  theoretical  base  and 
focuses  on  the  between  storm  base  flow  led  us  to 
several  models  that  are  all  based  on  Hewlett  and 
Hibbert  [5]  experiments.  This  class  of  models,  which 
will  be  referred  to  as  sloping  slab  models,  was 
developed  to  simulate  subsurface  stormflow  from 
relatively  steep  and  primarily  forested  watersheds. 
Our  search  led  us  to  a  simple  storage-discharge  model 
developed  by  Sloan  and  Moore  [6].  Figure  3  Is  a 
schematic  of  the  Sloan  and  Moore  [6]  model.  This 
model  Is  based  on  a  water  balance  of  a  hillside 
segment  that  acts  as  the  control  volume  for  the  con¬ 
tinuity  of  mass  equation.  The  water  balance  aspect 
of  the  model  Is  particularly  Important  to  this  study 
because  the  change  In  storage  may  be  a  measurable 
quantity  with  remote  sensing. 


TruniUni  wtt«r  l4bU 


Fig.  3.  Schematic  of  sloping  slab  model. 


The  Sloan  and  Moore  [6]  model  assumes  an  Idealized 
slope  segment  of  length  L,  slope  angle  a,  and  an 
Imperaeable  boundary  at  depth  D  as  shown  In  Fig.  3. 
The  mass  balance  Is  written  as 


(r+1-ET)L 


qi  ^  42 
— 2 — 


(1) 


where  q  Is  the  discharge  out  of  the  slab,  t  Is  time, 
r  Is  the  rainfall  Input,  ET  Is  the  evapotranspiration, 
1  Is  the  vertical  flux  from  the  unsaturated  zone  to 
the  saturated  zone,  S  Is  the  drainable  volume  of  water 
In  the  saturated  zone. 

q  =  Kj  sin  a  (2) 

where  Kj  Is  the  saturated  conductivity.  Hg,  the 
saturated  thickness  normal  to  the  hill  slope.  Is 
computed  by 

[h,,  -  K.  sin  a  it)  +  2L(r+1-ET)itl 

l-°l  V/  .  .  J  (3) 

°2  -  (L^  +  Kfj  sin  a  it) 

where  e^  is  the  drainable  porosity  of  the  soil.  The 
saturated  region  Is  recharged  from  the  overlying 
unsaturated  zone  by 


(4) 


where  Kle)  Is  the  unsaturated  Itydraullc  conductivity. 
The  soil  moisture  e  then  can  be  calculated  by  a  mass 
balance  of  the  unsaturated  zone  from 

02  =  ej  Uy  +  Lit  (r-ET-1)/Ujj  (5) 
where  Ug  is  the  total  volume  of  the  unsaturated  zone. 


5.  MODEL  SIMULATIONS 

The  Sloan  and  Moore  [6]  sloping  slab  model  was  used  to 
simulate  the  eight  day  recession  flow  from  watershed 
ID.  A  detailed  description  of  how  the  model  was  set 
up  and  how  the  various  parameters  chosen  can  be  found 
in  Engman  et  al.  [2].  As  Initial  conditions,  the 
hydraulic  head,  H,  was  assumed  equal  to  the  soil 
depth,  D.  The  Initial  unsaturated  volumetric  soil 
moisture  content  was  taken  to  be  43  percent  which  was 
determined  from  the  microwave  measurements.  The 
saturated  volume  was  assumed  to  be  50  percent  of  the 
total  slab  volume.  The  time  step  it  was  taken  as  one 
hour  and  the  data  for  ET  were  taken  from  Bowen  ratio 
measurements. 

The  model  simulation  results  are  given  for  a  unit 
width  of  slab.  In  this  case,  1  mm.  In  order  to 
evaluate  the  results,  a  total  length  of  channel  roust 
be  determined  so  that  the  simulated  discharge  can  be 
compared  to  the  discharge  measured  at  the  weir.  The 
results  shown  in  Fig.  4  are  for  a  channel  length  of 
600  m.  This  result  also  assumes  that  most  of  the 
drainage  comes  from  the  west  side  of  the  channel. 

This  Is  based  on  the  asymmetrical  location  of  the 
channel  In  the  basin. 

Figure  4  shows  the  changes  In  soil  moisture  developed 
by  the  model  and  compares  them  to  two  points  In  the 
southern  most  ground  sampling  transect  for  soil 
moisture.  It  can  be  seen  that  the  model  results  are 
quite  good,  being  more  or  less  In  between  the  two 
gravimetric  measurements.  It  can  also  be  seen  that 
the  model  responded  to  the  low  ET  day  (see  June  2  data 
in  Table  1)  in  the  same  way  that  the  ground  samples 
responded. 


TIME  (Otyl) 

Fig.  4.  Comparison  of  model  simulated  soil  moisture 
and  measured  soil  moisture  at  two  locations  on 
transect  14  (southern  most  transect). 


1  =  K(e) 
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6.  SOIL  MOISTURE  AS  MODEL  INPUT 

After  examining  the  remotely  sensed  soil  moisture 
maps  and  the  good  model  simulations  of  soil  moisture 
for  the  stu^  period,  one  is  tempted  to  speculate  on 
how  soil  moisture  could  be  used  as  direct  input  to 
the  model  to  predict  the  base  flow.  To  do  this  we 
first  must  examine  the  model  and  in  particular  Eqs.  1 
and  5. 

Equation  1  shows  that  the  change  in  streamflow  is 
related  to  the  change  in  storage  represented  by  the 
net  flux  to  the  saturated  zone,  which  in  turn  is  made 
up  of  the  rainfall  and  recharge  from  the  unsaturated 
zone  and  the  ET  loss.  The  rate  of  recharge,  i, 
depends  on  the  water  balance  of  the  unsaturated  zone 
(Eq.  5).  It  is  in  Eq.  5  that  one  would  like  to  use 
soil  moisture  as  data.  Rewriting  this  equation  to 
solve  for  i  gives 

iLat  =  (r  -  ET)Lat  +  (Bj  -  e,)Uy  (6) 

In  this  form  it  can  be  seen  that  i  depends  upon  the 
change  in  soil  moisture  and  the  net  balance  between 
rainfall  and  ET.  Thus,  i  cannot  be  estimated  from 
soil  moisture  data  alone  but  must  also  have  an 
estimate  of  the  ET  for  a  rain-free  period. 

It  was  pointed  out  above  that  the  model  and  the 
microwave  measurements  of  the  soil  moisture  both 
reflected  the  Oune  2  ET  which  was  considerably  lower 
than  the  other  days'  ET  (Table  1).  This  being  the 
case,  one  may  be  able  to  use  estimates  of  ET  based  on 
simplified  potential  ET  considerations  [7]  rather  than 
local  short  term  measurements  requiring  significant 
micrometeorological  instrumentation.  The  consequences 
of  this  would  be  that  for  any  one  day  (such  as  June  2), 
the  ET  may  be  overestimated  ano  the  model  calculation 
of  soil  moisture  would  be  lower  than  the  actual.  But 
subsequent  measurements  of  soil  moisture  would  show 
this  discrepancy  and  allow  correction  so  that  the 
model  predicted  soil  moisture  would  agree  with  the 
measured  value.  Thus,  by  using  the  remotely  sensed 
soil  moisture  as  feedback  to  the  model,  one  may  be 
able  to  run  water  balance  models  calibrated  for  a 
basin  without  the  need  of  detailed  on-site  ET 
measurements. 


7.  DISCUSSION 

Several  researchers  have  suggested  that  evaporation 
or  ET  could  be  estimated  from  microwave  measurements 
of  soil  moisture  [8]  and  [9].  However,  these  studies 
have  been  limited  to  bare  soil  evaporation  and  to 
idealized  lower  boundary  conditions  of  either  a 
constant  water  table  or  a  constant  flux.  These 
conditions  cannot  be  met  in  this  study. 

The  implications  of  this  approach  are  that  this  type 
of  model  structure  could  be  used  to  verify  an 
intermediate  step  in  the  simulation  process;  that  is, 
the  unsaturated  soil  moisture  balance  during  drainage 
and  ET.  Thus,  a  time  series  of  soil  moisture  would 
provide  an  important  check  on  the  model  performance 
and  possibly  provide  feedback  data  so  that  the  model 
could  be  corrected  and  updated  if  the  simulations 
were  under  or  over  estimating  the  streamflow.  This 
research  shows  a  possible  application  of  temporal 
soil  moisture  maps  to  a  hydrologic  problem. 
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ABSTRACT 

Data  from  the  visible  band  of  the  Japanese 
Geostationary  Meteorological  Satellite  (GMS)  was 
collected  for  a  two  degree  by  two  degree  region 
surrounding  each  Australian  State  Capital.  Data 
was  collected  for  three  years  and  was  used,  via  a 
physical  model,  to  derive  regional  global  radiation 
statistics.  Statistics  are  presented  on  a  monthly 
basis  for  each  region  and  consist  of  four  images 
representing  mean  global  radiation,  standard 
deviation  of  global  radiation,  and  number  of 
overcast  and  cloudless  days. 

INTRODUenON 

Information  on  solar  energy  is  needed  in  urban  areas 
for  a  variety  of  applications  involving  solar  hot 
water  heating,  photovoltaics,  urban  planning  etc. 
Pyranometer  networks  are  not  sufficiently  dense  to 
resolve  solar  energy  features  at  a  regional  scale 
(~  200  km  X  200  km).  Cloud  observations  are  also 
scarce  so  that  attempts  at  modelling  solar  energy  on 
a  regional  scale  are  also  limited. 

In  this  project  data  from  the  visible  channel  of  GMS 
(0.55  to  0.75  urn)  was  used  to  estimate  global  solar 
radiation  using  a  modelling  scheme.  Data  covering 
a  two  degree  by  two  degree  region  surrounding  each 
of  the  eight  Australian  capitals  was  collected  three 
times  daily  for  a  three  year  period  (1/3/85-28/2/88). 
These  data  were  used  in  a  modelling  scheme  to 
estimate  daily  global  radiation. 


THE  MODEL 

The  daily  global  radiation  (K)  can  be  given  in  terms 
of  an  extra-terrestria)  global  radiation  (K^),  an 
absorptivity  term  ((5)  and  an  atmospheric 
reflectivity  term  (o^^)- 

K  =  K„(l  -  4.)(1  -  a^)  (1) 

The  model  uses  the  satellite  reflectivity  (Og^) 
derive  From  pyranometer  observations,  one 
located  at  each  capital  city  airport,  can  be 
derived: 

Oa  =  1  -  (K/K^)/(l  -  d>)  (2) 

From  Paltridge  and  Platt  (1976),  the  earth-atmosphere 
albedo  (ttg^)  can  be  given  as: 

“ea  =  “a  ^  “g 

where  a_  is  the  surface  albedo. 

0 

The  present  technique  derives  a  linear  regression 
between  the  satellite  reflectivity  and  for  the 
pixel  containing  the  pyranometer  station.  In  the 
operational  mode  is  obtained  from  is  solved 

in  equation  3(iJ)  and  are  calculated  independent!'  ), 
and  knowing  ib  and  a^,  K  is  solved  in  equation  1.  6  is 
solved  using  the  technique  of  Lacis  and  Hansen  (1974) 
as  applied  to  precipitable  water  vapour  from 
radiosonde  data,  is  obtained  using  the  technique 
of  Nunez  et  al  (1987). 

SOLAR  RADIATION  STAHSTICS 

Data  is  grouped  on  a  monthly  basis  and  consists  of 
mean  daily  global  radiation,  standard  deviation  of 
of  daily  global  radiation,  and  number  of  cloudy  and 
cloudless  days.  The  final  step  involves  dewarping 
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the  image  to  a  Lambert  conformal  projection  and 
printing  each  monthly  statistic  as  a  grey  scale  image. 
A  total  of  384  images  were  developed  in  the  study. 
They  have  been  compiled  into  an  atlas  of  solar  energy 
statistics  (Nunez,  1988). 
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SUMMARY 


This  work  show  the  antecedents  and  results  of  the  technological  transfer 
process  that  In  matter  of  remote  sensing  Is  carrying  out  from  Canada 
to  Peru,  through  the  execution  of  an  International  Technical  Cooperation 
Program  (PERCEP  PROJECT). 

The  Technological  Transfer  on  Remote  Sensing  Program  from  Canada  to 
Peru,  has  already  get  Install  the  technical  and  physical  Infrastructure 
for  remote  sensing  develop  and  techniques  applications.  The  applications 
results  realized  on  natural  resources  and  environmental  field  are 
varying  and  has  determined  the  remote  sensing  use  as  a  very  Important 
tool  for  National  Develop. 

In  accordance  to  the  obtained  results  during  the  last  five  years  we 
have  that  the  remote  sensing  In  Peru  has  served  mainly  for  cover  the 
national  territory  on  100  X  cartographycally,  using  satellite  data, 
as  well  as,  supply  Important  Information  about  the  agricultural  frontier 
extended,  forecast  and  Inventory  crops  and  monitoring  of  the  areas 
affected  by  environmental  Impacts.  Likewise,  with  the  remote  sensing 
use  has  already  undertaken  ecological  monitoring  programs  In  the 
Amazonian  Jungle,  which  goals  Is  control  the  deforestation  process  that 
been  Increasing  significantly.  In  the  education  field,  that  program 
has  too  multiplying  effects,  because  the  different  universities  are 
now  Including  on  Its  studies  programs  courses  on  remote  sensing,  and 
also  the  Institutions  offer  training  In  specific  fllds. 

This  work  In  general,  show  the  obtained  attainments  as  results  of  the 
technological  transfer  process  between  Canada  >  Peru  and  Its  applications 
on  the  d'fferents  activities  for  the  Peruvian  national  develop. 
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ABSTRACT 

Remote  sensing  technology  represents  a  cost  efficient 
tool  that  can  be  applied  to  a  host  of  problems 
confronting  the  developing  world.  However,  the 
technology  is  not  being  fully  utilized  in  these 
endeavors.  The  countries  of  the  Caribbean  represent  one 
such  group  thjt  could  benefit  substantially  from  the 
application  of  the  technology.  However,  this  group  lags 
behind  South  America  in  its  involvement  in  remote 
sensing  activities.  This  leads  us  to  consider  those 
obstacles  that  hinder  the  transfer  of  available 
technology  from  the  U.S.  and  other  developed  countries. 
The  purpose  of  this  research  is  to  Inprnve  the  flow  of 
remote  sensing  technology  to  and  through  the  Caribbean 
by  developing  a  series  of  recommendations  that  may  be 
useful  to  policy-makers  and  managers  concerned  with 
remote  sensing  applications  in  the  region. 

Keywords:  Technology  Transfer,  Economics,  Coastal 

Resources 


1 .  INTRODUCTION 

Recently,  a  global  survey  of  remote  sensing 
experts  was  undertaken  to  examine  major  issues  in  remote 
sensing  technology  transfer  and  applications  in 
developing  countries  (Specter,  1986;  Specter  and  Amann, 
1987).  Results  revealed  seven  critical  obstacles  that 
must  be  overcome  if  the  technology  is  to  be  successfully 
utilized  within  the  development  context.  Certain 
problems  are  related  to  technical  aspects  of  the  system, 
such  as  the  lack  of  computer  equipment  and  the  lack  of 
access  to  data  products.  Including  remote  sensing 
imagery  and  computer  compatible  tapes.  Other  key 
aspects  of  the  situation  extend  beyond  purely  technical 
considerations.  Lack  of  experienced  personnel  is  a 
leading  example.  Organizational  issues  within  the 
developing  countries  complicate  matters  further.  Often 
there  is  a  lack  of  cooperation  among  the  institutions 
who  could  benefit  from  applications  of  the  technology 
to  their  respective  programs.  These  problems  may  be 
compounded  by  a  lack  of  political  support  for  the 
technology.  To  the  extent  that  decision  makers  view 
current  Earth  observing  satellite  systems  as 
untrustworthy  in  terms  of  discontinuation  of  services 
and/or  obsolescence  of  ground  support  investments,  this 
recalcitrance  may  be  justified. 

In  the  global  study,  economic  constraints  were 
perceived  as  the  most  significant.  Related  issues 
include  the  sics  of  capital  investment  required,  lack 
of  foreign  exchange,  as  well  as  the  lack  of  funding  from 


developed  countries  and/or  multilateral  agencies  to 
support  training  programs  and  other  remote  sensing 
activities.  If  remote  sensing  technology  is  to  be 
applied  within  developing  country  environments,  each  of 
these  obstacles  must  be  addressed  and  overcome.  This 
is  the  real  challenge  that  the  community  of  remote 
sensing  experts  must  face  in  the  decades  ahead.  As  Sir 
Hermann  Bondi  remarked  in  his  keynote  address  at  IGARSS 
'88  (Bondi,  1988): 

To  whom  does  this  knowledge  belong?  How 
can  it  be  used  in  such  a  way  that  the 
benefits  of  remote  sensing  are  equitably 
distributed  and  do  not  merely  accrue  to 
people  working  on  a  commodity  exchange  in 
a  highly  industrialized  country,  thus 
leaving  the  government  where  the  plantation 
is  located  and  the  local  people  •  as  well 
as  the  makers  and  operators  of  the  satellite 
-  without  any  of  the  gains?,..  Of  course, 
the  technical  aspects  must  be  studied, 
improved  and  made  to  work  together. 
However,  the  resolution  of  the  other 
questions  which  are  legal,  institutional  and 
pc'/ivical  is  equally  essential  if  remote 
sensing  is  to  thrive.  These  questions  will 
need  at  least  os  ‘.uch  time  to  resolve  as 
technical  questions  and  do  not  seem  to  me 
at  present  to  receive  the  urgent  and 
substantial  attention  that  they  require. 

This  paper  examines  the  application  of  remote 
sensing  technology  for  coastal  resources  development 
and  conservation  in  one  developing  region  that  could 
benefit  substantially  from  such  applications,  the 
Caribbean.  However,  this  region  lags  behind  Latin 
America  in  its  involvement  in  remote  sensing  activities 
(Bartolucci  and  Adrien,  1978).  While  the  global  study 
referred  to  above  included  45  participants  from  Central 
and  South  America,  only  four  individuals  from  the 
Caribbean  region  responded.  This  study  offers  an 
opportunity  to  determine  to  what  extent  the  critical 
factors  identified  on  a  global  basis  are  relevant  to 
the  Caribbean  transfer  experience.  In  an  effort  to 
understand  the  parameters  of  remote  sensing  technology 
transfer  to  the  region,  the  research  described  below 
focuses  our  attention  on  three  areas:  first,  the 
applicability  of  remote  sensors  to  the  resource 
development  and  conservation  objectives  of  the  Caribbean 
countries;  second,  the  major  obstacles  in  transfer  and 
application;  processes;  and  third,  a  series  of 
recommendations  that  may  p<c<i  useful  to  policy  makers 
and  managers  concerned  with  improving  the  flow  of  remote 
sensing  technology  to  and  through  the  region. 
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2.  METHODOLOGY 

The  methodology  used  In  this  research  Is  that  of 
a  Delphi  study.  Delphi  study  techniques  are 
particularly  appropriate  In  Integrating  the  attitudes 
and  perceptions  of  relevant  experts,  especially  in 
relation  to  the  study  of  Issues  that  necessarily  Involve 
a  multidisciplinary  approach.  Experts,  knowledgeable 
about  the  Caribbean  region  and  remote  sensing 
technology,  were  asked  to  participate  In  this  project. 
These  Individuals  were  Involved  In  technology  transfer 
to  the  region,  serving  In  the  roles  of  policy-makers, 
managers  of  technology  transfer  programs,  or  advisors. 
Participants  were  drawn  from  recipient  organizations  In 
the  Caribbean,  as  well  as  from  donor  organizations  In 
the  U.S.  and  Canada.  Participants  represented 
government  agencies,  scientific  research  organizations, 
universities,  and  private  sector  companies.  Twenty-nine 
experts  participated  on  this  Delphi  panel.  Major 
topics  relevant  to  remote  sensing  technology  transfer 
to  the  Caribbean  were  covered.  A  detailed  description 
of  first  round  results  was  reported  at  IGARSS  '88 
(Specter  and  Gayle,  1988). 

One  major  component  of  the  Delphi  Instrument  dealt 
with  obstacles  to  technology  transfer  that  Impede  the 
application  of  remote  sensing  technology  to  development 
activities  In  the  Caribbean.  This  study  offers  an 
opportunity  to  determine  to  what  extent  the  critical 
factors  Identified  on  a  global  basis  are  relevant  to 
the  Caribbean  transfer  experience  and  to  ascertain  what 
special  obstacles  were  encountered  In  technology 
transfer  projects  to  the  region.  To  this  end,  the  list 
of  seven  critical  factors  In  remote  sensing  technology 
transfer  was  presented  to  the  Delphi  participants.  They 
were  asked  to  delete  those  factors  that  were  not 
critical  to  the  Caribbean  transfer  process  and  to 
suggest  additional  factors.  Participants  were 
encouraged  to  discuss  their  responses.  In  the  second 
Delphi  round,  the  experts  rank-ordered  the  Identified 
factors  to  determine  their  relative  significance.  The 
most  Important  work  of  this  round  was  to  develop  a 
series  of  recommendations  that  may  be  used  to  Improve 
the  flow  of  technology  to  the  region  and  Increase 
opportunities  for  successful  applications. 


3.  OVERCOMING  THE  OBSTACLES  TO  TECHNOLOGY  TRANSFER 
AND  APPLICATIONS  IN  THE  CARIBBEAN 

Three  of  the  listed  obstacles  related  to  Inputs 
In  the  technology  transfer  system:  the  need  for 
experienced  personnel,  appropriate  hardware,  and  data 
Inputs.  A  fourth  factor  was  the  role  of  relevant 
organizations  In  the  region,  Inclu'irg  their  capability 
to  coordinate  and  cooperate  in  the  technology  transfer 
process.  Another  set  of  factors  Involved  environmental 
Issues:  economic  constraints,  politics  and 
policy/decision-makers,  and  the  uncertain  future  of 
Earth-observing  satellites.  The  experts  suggested  five 
additional  factors:  politics  and  policy/decision  makers 
In  developed  countries,  insufficient  communication 
between  scientists  and  the  "political  directorate,"  the 
small  land  mass  area  of  any  one  country  In  the 
Caribbean,  facilities  and  physical  Infrastructure,  and 
the  lact  that  many  remote  sensing  technology  projects 
are  research-oriented  and  technically  driven,  rather 
than  applications  oriented. 

A  ranking  of  these  factors  in  round  two  of  this 
Caribbean  study  tended  to  substantiate  the  results  of 
the  earlier,  global  study  concerning  critical  factors 
In  the  technology  transfer  and  applications  process. 


The  Delphi  participants  Identified  two  other  problems 
they  viewed  as  substantial:  insufficient 
communication  between  scientists  and  the  "political 
directorate,"  and  the  lack  of  sufficient  facilities  and 
physical  Infrastructure.  A  summary  of  the  Delphi 
experts  comments  concerning  the  seven  most  critical 
problems  and  their  recommendations  for  necessary  actions 
to  overcome  them  are  summarized  In  Table  1. 

4.  CONCLUSIONS 

This  Delphi  survey  completed  by  a  panel  of  experts 
Indicates  tremendous  potential  for  the  technology  to  be 
applied  to  environmental  assessment  of  economic 
development  In  the  Caribbean.  The  technology  can  be 
used  to  collect  data  In  areas  requiring  priority 
attention:  fisheries,  coastal  waters  pollution,  coastal 
erosion,  mangrove  conservation,  and  beach  development 
for  tourism.  The  results  presented  here  replicate,  to 
a  substantial  extent,  the  results  of  an  earlier,  global 
study.  However,  the  results  of  this  first  Delphi  round 
have  led  to  the  Identification  of  regional 
considerations  as  well.  The  second  round  of  the  Delphi 
study  was  used  to  explore  recommendations  for  Improving 
the  flow  of  remote  sensing  technology  to  and  through  the 
region.  This  Information  may  be  useful  to  concerned 
policy-makers  and  managers. 
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Table  1 

A  Summary  of  Major  Obstacles  and  Recommendations  for  Overcoming  Them 

CRITICAL  FACTOR _ RfCOHHENDATlONS _ 

Experienced  Personnel  --  A  'critical  mass'  of  experienced  personnel  is  needed;  people  transfer,  change  Jobs, 

etc.  One  or  two  experienced  personnel  per  project  is  not  enough. 

Experienced  personnel  must  be  assigned  to  assist  in  the  development  of  projects  and 
the  training  of  local  personnel. 

Sharing  of  experienced  personnel  within  the  region  should  be  considered. 

More  training  needs  to  be  provided  in  all  related  fields,  including  remote  sensing, 
CIS,  computer  science,  and  other  disciplines  through  which  the  technology  is  brought 
to  bear. 

Training  programs  must  be  formulated  to  provide  both  Initial  training  and  follow¬ 
up  training,  so  that  the  "somewhat  knowledgeable  people"  will  eventually  become  very 
knowledgeable  people. 

Local  resources  are  not  fully  being  utilized  in  education/training  efforts; 
universities  and  high  schools  should  provide  ad  hoc  courses. 

Some  training  may  be  needed  from  the  developed  nations:  USA,  Canada,  Europe  and 
Japan.  Possibly,  post-graduate  education  may  be  part  of  the  training  to  create 
experienced  personnel. 

--  Experienced  personnel  should  also  be  able  to  effect  minor  maintenance  procedures 
and  repairs. 


Computer  Equipment  --  Micro-based  systems  should  definitely  be  considered.  They  can  be  shared  with  other 

departments,  as  they  are  not  dedicated  to  remote  sensing.  A  micro-based  image  or 
CIS  system  could  provide  much  more  information  at  less  cost  and  more  flexibility. 
(This  system  could  be  used  for  other  administrative  and  technical  jobs  thus 
justifying  its  purchase).  The  size  of  the  countries  means  less  data  is  needed  per 
data  set.  A  big  system  is  not  necessary. 

--  In  the  Caribbean,  large  area  coverage  is  not  essential  for  most  applications,  thus 
a  PC-based  image  analysis  system  may  be  the  answer. 

--  A  PC-based  system  will  be  useful  in  the  early  pilot  programs.  A  more  sophisticated 
VAX-based  system  can  be  introduced  after  on  the  success  of  the  PC-based  image 
analysis  system  is  established. 

It  is  better  to  assemble  a  reliable  system  that  provides  a  multiplicity  of  use 
modified  for  the  local  conditions  than  to  purchase  a  whole  system. 

Harmonization  and  compatability  for  inter-linking  is  the  key. 

Computer  equipment  complexity  must  be  matched  by  user  training/experience.  Skilled 
and  experienced  personnel  are  needed  not  only  for  data  analysis  and  interpretation, 
but  also  for  the  maintenance  of  equipment  during  the  operational  phase  of  projects. 
Purchase  durable  equipment:  this  is  a  hot  saline  environment  with  a  history  of  power 
fluctuations. 

The  operations  and  maintenance  concept  is  not  ingrained  in  the  Caribbean  culture. 
This  concept  needs  to  be  instilled  for  equipment  upkeep. 


Data 

Acquisition  --  Since  it  is  often  impossible  to  obtain  cloud-free  Images  in  the  region,  more 

importance  should  be  given  to  Synthetic  Aperture  Radar  (SAR)  and  also  to  equatorial 
orbits;  data  acquisition  should  be  more  responsive  to  the  needs  of  those  trying  to 
apply  the  technology  in  developing  regions. 

Remote  sensing  has  shown  the  greatest  benefit  when  used  in  the  monitoring  mode. 
This  implies  that  projects  need  to  accommodate  the  acquisition  and  processing  of 
not  1  or  2,  but  perhaps  10  or  more  images. 

It  is  essential  that  each  country  have  complete  coverage  of  large  scale  air  photos 
as  a  base  for  interpretation  of  other  types  of  remote  sensing  data. 

Distribution  --  The  regional  information  to  date  needs  to  be  documented  and  analyzed  to  serve  as 

a  guide  for  future  undertakings. 

Remote  sensing  data  should  be  available  to  those  who  really  need  to  know,  e.g., 
farmers,  cooperatives,  artisanal  fishermen,  and  not  just  to  researchers  and  policy 
makers. 


Software 


More  software  for  micro  computers  needs  to  be  developed. 

Some  organizations  are  now  providing  value-added  products  which  should  be  considered 
before  investing  in  a  new  data  processing  system. 
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Table  1  (Continued) 

CRITICAL  FACTOR _ RECOMHCNDATIONS _ 

Economics  --  Good  projects  will  be  financed.  In  developing  countries,  projects  have  to  compete 

for  funding.  Benefit/cost  analysis  ratios,  as  well  as  ether  economic  indicators 
need  to  be  analyzed  to  show  whether  the  required  instruments  can  be  justified;  one 
needs  to  make  the  case  that  remote  sensing  can  acquire  needed  data  cost  effectively 
(as  opposted  to  traditional  surveys). 

The  economic  problem  might  be  alleviated  if  regional  receiving,  processing  and 
training  facilities  were  established,  especially  in  the  Central  American  and 
Caribbean  countries.  For  the  smaller,  insular  states,  groups  of  nations  can 
initially  subsidize  one  main  processing  facility.  Additional  national  facilities, 
thereafter,  could  be  added  as  the  benefits  become  more  apparent  and  the  economic 
status  of  a  particular  state  changes.  Maintenance  costs  could  be  tied  into  the 
capital  budget  of  a  user  nation.  Experienced  personnel  could  be  shared  initially 
when  only  a  few  facilities  are  available. 

Due  to  the  lack  of  foreign  exchange  in  some  Caribbean  countries,  external  funding 
should  be  made  available;  The  World  Bank,  Canadian  International  Development  Agency 
(CIOA),  USAID,  and  UNESCO  are  some  agencies  that  can  facilitate  the  financing  for 
pilot  programs  to  build  up  local  infrastructure.  We  need  to  fund  an''ad  hoc" 
committee  of  both  Caribbean  scientists  and  resource  managers  with  selective  members 
of  the  international  remote  sensing  community  to  determine  areas  of  remote  sensing 
technology  transfer. 

Equipment/training  could  be  provided  pro  bono  by  donors. 


Politics  in 

Caribbean  Countries 


Recognition  for  RS  might  be  obtained  if  the  earliest  projects  were  based  on  the  most 
politically  sensitive  issues  in  a  country.  Political  backing  is  more  important  than 
economics:  it  is  the  bottom  line.  There  is  always  money  to  be  had  if  the  priorities 
dictate  so. 

An  extremely  critical  factor  is  government  agencies'  acquisition/use  of  such 
material.  This  will  almost  always  depend  on  the  politician.  Therefore,  it  is 
necessary  to  demonstrate  to  politicians  the  multiple-use  and  potential  of  the 
technology  in  order  for  them  to  be  motivated  to  provided  funds  for  remote  sensing 
projects  and  facilities. 

Remote  sensing  agencies,  user  groups,  institutions  need  to  learn  to  market/expose 
their  existence  and  capabilities  to  government  and  schools. 

Programs  need  to  be  developed  to  educate  Caribbean  decision  makers  in  the  potential 
and  relevance  of  remote  sensing  to  regional  development. 

Politics  and  policy  should  encourage  remote  sensing  technology  in  resource 
management. 

It  is  important  to  formulate  sound  policies  in  natural  resources,  development,  and 
information  networking. 


Insufficient 
Communication 
Between  Scientists 
and  the  Political 
Directorate 


A  "team  effort  of  these  two  groups  is  needed.  Scientists  should  get  involved 
with  people  who  need  to  know. 

Universities  should  be  involved.  Ideas  for  better  communication  include  forming 
an  "ad  hoc"  task  force  to  which  politicians  may  be  more  willing  to  listen. 
Specific  projects  employing  remote  sensing  technology  could  be  made  flexible  enough 
to  provide  limited  aid  to  agencies  engaged  in  natural  resources,  management, 
planning,  etc.  in  an  effort  to  demonstrate  the  applicability  of  the  technology  and 
how  it  can  help  in  the  development  of  the  country. 

There  should  be  a  greater  diffusion  of  possible  applications  (less  academic)  so  that 
political  administrators  can  better  evaluate  the  advantages  of  this  technology. 


Facilities  and  --  One  solution  would  involve  regional  facilities  for  receiving  and  processing.  Use 

Physical  a  PC-based  "low-cost"  system  in  the  first  stage  of  the  pilot  program.  However,  the 

Infrastructure  development  of  an  equipment  infrastructure  should  be  furthered  in  order  to  better 

utilize  the  systems  in  place  and  depend  less  on  outside  sources. 

Secure  a  steady  source  of  electricity;  reduce  power  fluctuations  and  failures. 
Justify,  then  obtain  the  use  of  PCs  and  peripherals  for  administrative  purposes. 
The  add-ons  to  turn  these  PCs  to  image  analysis  systems  are  then  much  less 
prohibitive  to  purchase. 

Facilities  may  be  acquired  as  part  of  external  funding  packages  for  projects. 
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Abstract 

The  Canadian  International  Development  Agency 
has  sponsored,  in  conjunction  with  the 
Government  of  Nepal,  a  major  resource  mapping 
program  in  Nepal.  The  basis  of  this  program 
was  panchromatic  aerial  photography 
supplemented  by  Landsat  false  colour  Infrared 
Imagery.  The  program  resulted  in  the  mapping 
at  a  scale  of  1:50000,  land  systems,  land  use 
and  land  capability  as  well  as  geology  at 
1:125000,  for  the  entire  country.  The 
applications  of  the  mapped  informtion  have 
been  many  and  varied  and  have  assisted 
government  agencies  in  arriving  at  sound 
resource  management  decisions.  Such  a  program 
must  Include  a  component  of  guidance  to  make 
potential  users  aware  of  the  value  of  the 
information  and  its  correct  interpretation 
and  application. 

Key  words:  Nepal,  resources,  land  systems, 
management 

Background 

During  the  mid  1970's  Nepal  recognized  the 
need  for  basic  resource  information  for 
purposes  of  resource  decision  making.  The 
Canadian  International  Development  Agency 
(CIDA)  responded  to  the  country's  request  to 
provide  aerial  photo  coverage  and  basic 
resource  mapping  of  the  entire  country  at  a 
scale  of  1:50000.  This  mapping  included 
geology,  land  systems,  land  use  and  land 
capability.  The  Land  Resources  Mapping 
Program  (LRMP)  required  five  years  to 
I  complete,  resulting  in  the  production  of  266 
■map'  sheets  at  1:50000  scale  for  the  above 
resource  information  sets  with  the  exception 
of  geology  which  was  mapped  at  1:125000. 

Nepal  Is  a  relatively  poor  country  with  an 
average  annual  per  capita  income  of  U.S.(il60. 
It  is  a  country  whose  population  is  rising  at 
,the  rate  of  2.6%  and  currently  holds  a 
’population  of  17.1  million.  The 
pressures  placed  upon  the  dwindling  resource 
base  of  the  country  are  mounting  and  as  a 
result  Nepal  is  facing  all  of  the 
environmental  problems  to  which  mountain 
systems  are  prone. 


The  government  recognizes  the  seriousness  of 
the  situation  and  accordingly  has  recently 
completed  a  comprehensive  National 
Conservation  Strategy  which  is  about  to 
enter  into  the  implementation  phase;  has 
Introduced  the  Decentralization  Act  which 
places  planning  responsibility  where  it 
belongs,  in  the  districts;  and  has 
recognized,  over  ten  years  ago  as  mentioned 
in  the  above,  the  need  for  resource 
information  for  making  effective  planning 
decisions. 

Land  Resource  Mapping  Project  (LRMP) 

The  LRMP  was  established  to  provide  the 
Government  of  Nepal  with  the  necessary 
information  upon  which  to  base  its  resource 
management  decisions.  The  exact  types  of 
information  to  be  gathered  were  decided  upon 
through  a  broad  analysis  of  the  government's 
particular  needs,  the  available  systems 
already  in  place  elsewhere  and  the  time  and 
budget  available  for  the  exercise.  As  well, 
the  nature  of  the  terrain  and  the  working 
environment  of  Nepal  were  taken  into 
consideration. 


-  remotely  sensed  information  -  a  foundation 

Due  to  the  size  of  the  country,  its'  terrain 
and  the  lack  of  access,  the  basis  of  the 
program  would  have  to  be  remotely  sensed 
data.  Colour  infrared  Landsat  Imagery  at 
1:250000  was  used  for  obtaining  an  overall 
impression  of  the  country's  landscape.  The 
major  physiographic  breaks  were 
differentiated  as  well  gross  changes  in 
vegetation  and  land  use  pattern.  As  well, 
this  Imagery  was  used  for  the  Interpretation 
of  landscapes  above  15000  feet  in  elevation. 

However,  the  most  useful  medium  for 
geological  mapping  as  well  as  for  land 
systems,  land  unit  and  land  use  mapping 
would  be  panchromatic  aerial  photography  at 
a  scale  of  1:50000.  This  medium  was  selected 
for  the  majority  of  the  interpretation  for  a 
number  of  reasons  including  superior 
resolution,  particularly  when  used  in  the 
field,  higher  accuracy,  especially  in  the 
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middle  hills,  the  high  mountains  and  the 
high  Himal  where  distortion  presents  a 
serious  problem  with  interpretation  and 
measurement,  and  the  wider  practical  use 
that  the  photographs  would  have  later  by  a 
number  o£  government  agencies.  As  the  medium 
is  very  portable.  Interpretation  is 
relatively  easier  for  the  field 
Investigator,  and  as  well,  cost  advantages 
and  the  unnecessary  need  for  additional 
sonhistlcated  equipment  in  the  form  of  image 
lyzers  which  require  specialty  training 
and  care  determined  the  use  of  this  medium 
over  others.  In  other  words,  it  was  found 
that  the  standard  black  and  white  aerial 
photography  for  carrying  out  the  major 
portion  of  the  work  was  the  most  practical 
tool  available. 

Aerial  photography  was  available  at  1:20000 
for  only  select  areas  but  this  was  useful 
for  land  unit  separations  and  as  a  backup 
for  the  interpretation  of  smaller  scale 
photography.  Later  in  the  project  it  proved 
useful  for  village  level  management  planning 
when  enlarged  to  1:5000. 

-  the  geological  base 

Recognizing  that  many  of  the  resource 

decisions  to  be  made  in  Nepal  depend  so  much 
on  the  nature  of  geological  structures  and 
the  rock  types  from  which  soils  are  formed, 
geological  investigations  and  related 

mapping  were  carried  out  to  provide  the 
basis  for  a  comprehensive  land  system 

analysis  of  the  entire  country.  The  Main 
Boundary  Fault  and  related  faults  were 
mapped  along  with  the  Main  Central  Thrust. 
As  well,  other  geological  features  were  also 
indicated.  This  was  all  carried  out  with  the 
aid  of  the  aerial  photographs  and  some 

ground  truthing.  Rock  types,  which  form  the 
basis  of  the  land  system  component  of  the 
exercise,  were  mapped  through  extensive 
field  sampling  and  photo  -  geological 
interpretation. 

-  land  systems 

The  main  defining  criteria  for  the  land 
system  mapping  was  based  upon  the  country's 
physiography.  The  boundaries  of  the 
country's  five  physiographic  regions  were 
refined  using  1:250000  false  colour  Infrared 
Landsat  imagery  in  combination  with  the 
black  and  white  photography.  These  regions, 
defined  by  their  geological  charactistlcs  as 
well  as  by  climate  and  vegetation,  were  then 
used  as  the  framework  for  the  design  of  the 
land  system. 

With  basic  geological  information  combined 
with  topographic  Information  available  from 
the  national  topographical  series,  and 
information  on  soil  types  and  depths,  the 
country's  landscapes  were  then  categorized 
into  a  land  system.  The  system  contains 
seventeen  different  homogeneous  units  based 
upon  recurrent  patterns  of  landforms, 
geology,  slopes  and  agricultural  limits.  The 
system  is  further  broken  down  into  smaller 
land  units  which  are  characterised  by 
topographic  position,  slope,  surface 


dissection,  flooding  frequency  and  soil 
characteristics  such  as  drainage,  depth, 
texture  and  profile  development. 

It  was  felt  that  the  land  system  would  be 
useful  as  a  base  for  carrying  out  a  wide 
range  of  resource  analysis.  Since  the  major 
land  use  activities  in  the  country  centre  on 
agriculture  and  forestry,  the  land  system 
was  used  for  analyzing  and  mapping  out  the 
country's  capability  for  agricultural  and 
forestry  production. 

-  land  capability 

Due  to  the  unavailability  of  other 
biophysical  information  and  various 
constraints  of  the  program  the  land 
capability  classification  was  based  upon 
limited  information  which  included  soil 
depth,  texture,  slope,  and  to  a  certain 
degree,  present  land  use.  The  classification 
system  contains  seven  classes  of  which  only 
the  first  three  classes  are  suitable  for 
agricultural  production.  The  next  three 
classes  Indicate  potential  for  forestry 
production/grazing  and  the  last  class, 
covering  high  elevation  areas  of  rock  and 
snow,  has  no  potential  for  biological 
production. 

The  classification  also  includes  a 
suitability  rating  scheme  for  irrigation. 
This  rating  has  been  applied  to  all  lands 
which  fall  within  the  first  two  capability 
classes. 

-  land  use 

The  fourth  component  of  the  program  to  be 
analyzed  and  mapped  was  current  land  use. 
Land  use  patterns  analyzed  included 
agricultural  systems,  forest  cover  including 
forest  crown  classification,  maturity  and 
stand  condition,  and  grazing  lands  and  shrub 
areas.  The  1:50000  aerial  photographs  were 
used  extensively  to  delineate  both  land  use 
patterns  and  forest  stand  classification 
down  to  a  minimal  size  on  the  ground  of  25 
hectares. 


Output 

The  project  concluded  with  the  production  of 
266  topographic  maps  at  a  scale  of  1:50000 
for  each  of  land  systems,  land  capability 
and  land  use,  and  the  corresponding  number 
of  map  sheets  at  a  scale  of  1:125000  for 
geology.  As  well,  a  number  of  reports 
covering  the  various  aspects  of  the  project 
were  published. 

Applications 

The  LRMP  data  has  a  large  number  of 
potential  uses  and  users  and  considering  the 
scale  at  which  the  data  has  been  mapped,  the 
data  is  suitable  for  resource  planning 
purposes  at  the  national,  regional  and 
district  levels.  Below  the  district  level 
the  data  is  still  useful  but  would  have  to 
be  supplemented  with  more  detailed  studies 
in  order  to  obtain  Information  at  scales 
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varying  from  1:5000  to  1:25000. 

The  data  has  been  used  by  a  number  of 
agencies  within  the  Government  of  Nepal  as 
well  as  by  several  donors  and  international 
organizations  In  connection  with  various 
development  projects  within  the  country. 
Some  examples  of  the  use  of  the  LRMP  data 
are  described  in  the  following. 

National  forestry  master  plan 

The  forestry  statistics  by 
administrative  areas  available 
through  the  LRMP  have  been  used  as 
the  basis  for  determining  long 
term  forestry  policy  and  priority 
areas  for  forestry  development 
programs . 

settlement 

LRMP  information  has  been  used  by 
the  Ministry  of  Settlement  to 
determine  the  most  suitable  areas 
in  the  Teral  zone  for  the 
resettlment  of  hill  populations. 

hydro  -  electric  power 

The  Karnall  power  scheme  program 
has  used  the  LRMP  data  for 
determining  flood  areas  and  the 
loss  of  various  types  and  classes 
of  land  within  the  flood  areas. 

livestock 

The  Ministry  of  Agriculture  has 
utilized  both  the  statistical 
information  and  mapped  references 
of  grazing  areas  in  the  High  Hlmal 
zone  for  purposes  of  determining 
stock  carrying  capacities  and 
pasture  management  programs. 

horticulture 

Various  donors,  through  the 
Ministry  of  Agriculture,  have 
utilized  the  LRMP  data  in 
conjunction  with  more  detailed 
studies  to  determine  the  most 
suitable  areas  in  the  country  for 
specialty  horticultural  crops  such 
as  oranges  and  tea. 

road  alignment 

The  different  donors  Involved  in 
the  major  east  -  west  road  across 
Nepal  and  the  north  -  south 
highway  which  provides  access  to 
India  have  used  the  LRMP  data 
extensively  for  assisting  in  the 
determination  of  optimum  road 
alignment. 

National  parks 

The  Department  of  National  Parks 
and  Wildlife  Conservation  is 
currently  using  the  LRMP  data  as 
input  into  the  preparation  of  a 


management  plan  for  Langtang 
National  Park  and  in  cooperation 
with  the  ISS  is  experimenting  with 
the  use  of  the  IBS's  Gis  for 
assisting  in  the  analysis  of  the 
park's  resources  for  management 
prescription  purposes. 

other 

The  Department  of  Irrigation  is- 
using  the  LRMP  irrigation 
suitability  ratings  as  input  to 
the  preparation  of  the  national 
irrigation  master  plan;  the 

Department  of  Tourism  is  following 
very  closely  the  further  analysis 
of  LRMP  data  that  ISS  is  carrying 
out  for  purposes  of  deriving  a 
tourism  attractlvlty  index  and  in 
this  regard  one  donor  supported 
rural  development  program  is 

Interested  in  an  application  of 
the  index  to  its  geographical  area 
of  concern;  the  National  Planning 
Commission  has  shown  an  Interest 
in  the  LRMP  data  and  now  Insists 
that  all  planning  at  the  local 
level  take  into  account  the 

information  available  through  the 
LRMP  data  bank. 

Current  Activities 

The  Canadian  International  Development 
Agency  (CIDA)  recognizes  the  Importance  of 
remote  sensing  and  the  use  of  this  valuable 
tool  in  providing  developing  countries  with 
the  basic  resource  knowledge  that  they 
require  in  order  to  make  sound  resource 
decisions.  CIDA  also  recognizes  the 
importance . of  ensuring  that  the  recipient  of 
the  program  is  aware  of  how  the  information 
can  be  effectively  utilized  and  in  this 
regard  CIDA  has  extended  the  LRMP  a  further 
two  years  to  Include  a  planning  advisory 
service  that  will  demonstrate  to  the  various 
resource  agencies  within  government  how  the 
information  can  be  Interpreted  and  applied 
to  their  various  respective  programs. 
Included  in  this  phase  is  the  establishment 
of  a  GIS  which  will  facilitate  the  analysis 
of  LRMP  data  for  various  resource  planning 
purposes  as  well  as  provide  an  excellent 
medium  for  demonstrating  the  application  of, 
LRMP  data  to  resource  management. 

Some  Lessons  Learned 

During  the  life  of  the  LRMP  there  have  been 
a  number  of  other  attempts  in  Nepal  to 
utilize  various  forms  of  remote  sensing 
including  sales  pressure  from  donors  and 
commercial  firms  to  utilize  landsat  Imagery 
and  SPOT.  With  the  exceptions  described 
above  of  applying  Landsat,  the  LRMP  has 
avoided  the  application  of  these 
technologies.  Remote  sensing  availability  to 
Nepal  will  always  come  through  the  donor 
community  simply  because  the  country  will 
never  be  in  a  position  to  afford  the 
required  purchases  on  its  own.  It  is  the 
moral  responsibility  of  the  donor  agency  to 
ensure  that  the  technology  being  offered  is 
an  appropriate  one.  The  donor  must  satisfy 
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Itself  that  the  country  has  the  capable 
people  who  can  Interpret  the  results  of 
remotely  sensed  Information,  that  the  medium 
will  meet  the  particular  needs  of  the  client 
and  that  follow  -  up  activities  such  as 
training  and  maintenance  are  not  beyond  the 
ability  of  the  recipient  after  the  donor  has 
left  the  program. 

In  the  case  of  the  LRMP,  standard  black  and 
white  aerial  photography  was  found  to  be  the 
most  suitable  and  cost  effective  means  of 
obtaining  the  data  required.  Attempts  to 
demonstrate  the  utility  and  economy  of  other 
forms  of  remote  sensing  have  failed. 

With  regard  to  the  data  and  Information 
products  of  the  project  It  Is  Important  that 
the  users  and  potential  users  of  the 
products  have  a  thorough  understanding  of 
the  possible  applications  of  such  products 
to  their  respective  programs  and  that  they 
understand  the  constraints  and  limitations 
when  contemplating  the  use  of  these 
products.  The  Integrated  Survey  Section  has 
discovered  that  maps  which  appear  quite 
straight  forward  to  those  who  were 
responsible  for  their  production  are  quite 
often  misinterpreted  and  misused  by  the 
client.  A  common  misuse  Is  the  enlarging  of 
a  particular  map  In  order  that  the 
Information  contained  within  the  map  can  be 
applied  to  a  large  scale  activity  (e.g. 
enlarging  1:50000  land  use  maps  and  applying 
the  Information  for  village  level  planning 
at  1:10000).  It  Is  Important  that  such 
resource  mapping  programs  contain  an  element 
of  user  training  and  guidance. 


Conclusion 

A  very  successful  land  Information  system 
has  been  Implemented  In  Nepal  through  the 
funding  of  the  Canadian  International 
Development  Agency  and  the  foundation  of  the 
system  has  been  the  use  of  what  today  would 
be  considered  an  old  tool  -  standard  black 
and  white  aerial  photography  at  a  scale  of 
1:50000.  This  tool  has  proven  to  be  more 
useful  and  economical  than  more  advanced 
methods  of  remote  sensing,  particularly 
satellite  Imagery.  The  system  developed  has 
wide  spread  use  throughout  Nepal  and  Is 
being  used  In  a  number  of  areas  for  arriving 
at  resource  management  decisions,  however, 
the  potential  user  must  be  given  some 
guidance  In  the  application  of  the 
Information. 


Donors  In  the  future  must  be  aware  of  the 
specific  needs  of  the  client  and  ensure  that 
the  technology  that  they  are  offering  Is 
appropriate.  In  the  developing  world  It  Is 
not  always  the  leading  technology  of  the 
west  that  Is  best. 
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ABSTRACT 

The  use  of  remote  sensing  in  many  developing 
countries  continues  to  attract  a  lot  of  attention  even 
though  the  technology  is  still  "  remote  "  in  terms  of  its 
application.  Several  studies  using  remote  sensing  in 
Africa  have  created  a  gap  between  the  information 
yielded  and  what  the  resource  manager  can  effectively 
use.  In  order  to  bridge  the  gap  between  information 
obtained  from  remote  sensing  and  what  the  resource 
manager  needs,  answers  to  the  following  questions  must 
be  sought,  what  type  of  information  can  be  obtained  at 
what  level  of  accuracy?  Who  needs  a  particular  type  of 
information  derived  from  remotely  sensed  data?  A 
resource  simulation  model  can  be  used  to  evaluate  some 
of  the  parameters  involved  in  the  management  of  forests 
in  Africa,  in  examining  the  case  for  its  sustainable 
development.  Remote  sensing  data  will  provide  the  data 
base  and  analysed  on  these  and  other  parameters  to 
measure  the  level  of  accuracy  and  relevance  to  any 
resource  management  technique. 

Keywords;  Africa,  resource,  sustainable 
development,  remote  sensing. 

INTRODUCTION 

With  population  sometimes  doubling  in  a  matter 
of  25  years,  as  in  the  case  of  Kenya,  Ghana  and  Nigeria, 
many  governments  have  realised  that  resources  are  not 
inexhaustible.  As  rural  conditions  deteriorate,  attention 
has  been  given  to  the  use  of  forests  for  energy  supply  and 
the  deforested  land  for  farming.  This,  in  conjunction 
with  severe  climatic  and  physical  conditions,  has 
accelerated  forest  depiction  in  many  parts  of  the 
continent.  The  concept  of  sustainable  development  -  even 
though  too  broad  and  ill-dcfincd  in  its  generic  sense  • 
applies  very  well  to  the  African  situation.  It  proposes 
balanced  economic  development  to  meet  the  basic  needs 
of  people  without  causing  severe  damage  to  the 
environment  on  which  the  rc.sources  are  based.  As 
noted  in  the  United  Nations  Economic  Commission  for 
Africa  Report,  1988,  the  results  of  resource 
mismanagement  are  desertification,  deforestation  and 
pollution. 

Some  of  the  issues  to  be  raised  in  this  paper 
include; 


»  How  severe  is  resource  mismanagement? 

•  How  do  we  identify  and  measure  resource 
mismanagement? 

•  What  amount  of  information  on  the  resource  do  we 
possess  now,  and  how  accurate  is  it? 

•  Can  we  use  remote  sensing  data  to  generate 
information  on  the  resource,  given  the  variability  of 
spatio-temporal  characteristics  that  influence 
satellite  data? 

•  Can  the  information  derived  from  remote  sensing  be 
used  to  generate  a  model  for  empirical  analysis  of 
the  resource  in  its  present  and  future  states? 

•  Can  such  a  model  be  applied  over  different  spatial 
and  temporal  horizons? 

Much  has  been  documented  in  the  literature  on 
the  severity  of  resource  degradation  (EGA,  1988). 
Usually,  in  many  of  these  studies,  the  question  asked  is  - 
what  rate  should  societies  develop  to  meet  basic  needs  of 
the  citizenry,  without  necessarily  undermining  the 
natural  resource  base  and  the  environment  on  which 
they  depend.  In  its  1987  report,  the  World  Commission 
on  Environment  and  Development,  (WCED,  1987) 
concluded 

"...  the  time  has  come  to  break  out  of  past  patterns. 
Attempts  to  maintain  social  and  ecological  stability 
through  old  approaches  will  increase  instability..."  This 
will  form  the  basis  of  the  paper. 

2.  THE  FOREST  RESOURCE  IN  GHANA 

In  Ghana,  forests  occupied  some  8.2m  hectares  at  the 
turn  of  the  century  but  this  had  systematically  been 
reduced  to  1.7m  ha.  in  mid  1987.  A  valuable  resource, 
forests  are  cleared  for  agriculture  (commercial  and 
small-scale),  logging  and  fuelwood;  they  provide  abode 
for  wildlife.  Indeed,  forests,  through  their  genetic 
resources,  have  contributed  to  the  growth  in  modern 
medicine  and  industry,  yet  this  is  the  resource  that  we 
understand  little  about  -  not  even  the  most  basic  physio- 
biotic  relationships,  community  dynamics  and  energy 
flows  (Myers,  1980).  Given  the  Government's  intention  to 
revamp  the  timber  industry,  production  has  been 
progressing  rapidly  since  1983.  On  the  other  hand  the 
national  forest  potential  is  on  the  decline.  Until  now  it 
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has  been  very  difficult  to  monitor  private  timber 
companies  with  respect  to  the  technology  used  and 
amount  logged,  and  also  their  compliance  with 
reforestation  regulations. 

Various  descriptions  and  classifications  of  forests 
have  been  given  in  the  literature  particularly  those  by 
UNESCO  (1978;  Whitmore  (1975).  I  propose  to  work  with 
a  more  simplified  definition  of  Ghana  forests  -  "  the 
evergreen  (  and  occasionally  semi-deciduous  but  never 
completely  leafless)  forests  exhibiting  several  distinctive 
strata"  (  based  on  Myers,  1980).  This  definition  seeks  to 
divide  Ghana  into  three  major  forest  types: 

•  the  true  evergreen  forest  with  annual  rainfall  of 
2500mm 

•  the  intermediate  evergreen  forest  type  with  rainfall 
of  1500m 

•  the  semi-deciduous  forest  that  fringes  the  savanna 
zone  in  Northern  Ghana  with  variable  rainfall 
between  750-  1500m. 

These  classes  of  forests  are  not  mutually  exclusive  nor 
exhaustive  since  it  is  likely  to  find  a  mixture  of  these 
classes  in  many  parts  of  the  country,  usually  as  a  result 
of  cultural  and  physical  factors  acting  over  a  long  period 
of  time.  Indeed,  the  variability  in  the  nature  of  the 
resource  becomes  evident  as  one  travels  through  the 
country. 

Owing  to  the  extremely  complex  and  diverse 
nature  of  Ghana  forests,  I  would  like  to  obtain 
information  and  work  with  the  following  parameters  of 
forests: 

•  productivity  -  measured  in  terms  of  regeneration  and 
success  of  growth  rates  in  the  supply  of  forest 
products; 

•  volume  -  measured  in  terms  of  biomass  generation 
and  stand  quantity; 

•  types  and  species  identification; 

•  land  use  types  and  other  cultural  activities  and 
changes; 

•  infrastructural  framework. 

The  ultimate  aim  of  studying  these  characteristics 
will  be  to  estimate  within  acceptable  limits,  the  aerial 
extent  of  forests,  the  rate  of  growth  and  supply  in 
meeting  the  present  and  projected  demands.  On  the 
basis  of  such  information,  it  should  be  possible  to  predict 
the  rate  of  deforestation  and  assess  its  impact  on  the 
people,  the  soil,  and  wildlife,  and  the  micro- 
climatological  conditions  of  the  area. 

The  problems  of  analysing,  interpreting  and 
ultimately  synthesising  the  vast  quantities  of  scientific 
and  human  knowledge  relevant  to  the  sustainable 
development  of  the  biosphere  are  daunting.  A  basic 
problem  that  has  affected  inventory  of  forest  in  Africa, 
and  indeed  elsewhere  in  the  developing  world,  is  the  lack 
of  comprehensive  data.  The  existing  information 
comprises  mainly  estimates  rather  than  actual  surveys, 
and  is  fraught  with  guesses  and  imprecision.  Figures 
are  never  agreed  upon  by  independent  workers  and 
government  sources.  Given  current  research  trends, 
remote  sensing  should  provide  a  database  for  the 
inventory  of  the  resource. 


It  is  against  this  background  of  extremely 
complex  issues  that  the  present  study  seeks  to  address 
the  question  of  sustainable  development  of  forest 
resources. 

3.  DEVELOPMENT  OF  A  SIMULATION  MODEL 

A  resource  simulation  model  was  designed  to 
mimic  changes  in  the  forest  ecosystem  including 
environmental,  social  and  economic  changes.  One  main 
advantage  of  this  technique  is  its  flexibility.  It  must  be 
noted  that  the  forest  ecosystem  is  complex  and 
management  practices  imposed  on  it  must  be  within  the 
framework  of  a  resource  that  is  well  understood.  One 
requirement  of  this  type  of  model  is  that  the  relevant 
variables  and  their  relationships  must  be  clearly 
identified  and  specified.  However,  if  care  is  not  taken  this 
type  of  model  could  grow  to  a  complexity  that  can  exceed 
the  real  world  it  seeks  to  mimic. 

Some  writers,  for  instance  Brewer  (n.d),  are  of  the 
opinion  that  large-scale  modelling  for  decisions  and 
policy  making  has  not  fulfilled  its  promises.  He  thinks 
some  of  the  problems  involved  in  the  use  of  models  can 
be  traced  to  basic  confusion  that  appears  among  those 
who  commission,  build  and  use  the  tools.  Closely  related 
to  this  is  the  more  fundamental  misunderstanding 
between  policy  and  scientific  work. 

The  key  components  of  a  simulation  model  should 
identify  and  classify  the  elements  in  the  calculated 
sequence  as: 

♦  variables  -  the  things  which  the  model  seek  to 
predict; 

♦  parameters  -  constants  such  as  growth  rates  which 
are  necessary  in  the  predictions; 

•  equations  -  shorthand  sentences  which  state  how 
variables  and  parameters  are  related  and  state  the 
basic  assumptions  of  the  calculation; 

•  driving  variables  -  eg.  the  harvesting  rates  that  we 
want  to  manipulate  or  vary  over  time  but  that  are  not 
to  be  predicted  within  the  basic  calculation  sequence. 

This  resource  simulation  model  will  be  designed 
as  a  tool  to  explore  the  effects  of  the  current  harvesting 
rates  (  defined  in  terms  of  logging,  for  agricultural 
purposes  and  for  energy  requirements)  on  the  current 
forest  stock  in  the  country,  and  determine  if  this  is  likely 
to  bring  a  total  depletion  of  the  resource,  and  in  what 
time  frame?  The  model  results  provide  an  objective 
estimate  of  the  rate  of  harvesting  that  can  be  sustained. 
Some  of  the  questions  to  be  answered  in  the  use  of  the 
model  are  what  are  the  current  effects  of  reforestation 
and  natural  growth  on  the  resource?  what  will  be  the 
impact  on  the  resource  if  the  reforestation  and 
harvesting  rates  are  varied?  Then,  also,  the  model  will  be 
used  to  predict  the  state  of  the  resource  ever  a  period  of 
50  years.  A  simulation  model  was  used  by  Daniel  and 
van  de  Watering  (n.d.)  to  examine  the  effects  of  different 
harvesting  and  silvicultural  policies  on  the  long  term 
sustainable  yield  of  the  British  Columbia  forests.  Using 
four  major  policy  options: 


1.  current  (forest)  policy; 
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2.  increasing  the  intensity  of  silviculture; 

3.  decreasing  the  harvesting  rate; 

4.  combining  increased  silviculture  with  a  decrease  in 
harvest. 

The  model  indicated  that  a  dramatic  falldown  can  be 
expected  if  the  last  option  is  not  taken. 

4.  ROLE  OF  REMOTE  SENSING 

Remote  sensing  will  provide  the  input  data  for  the 
model.  As  well,  the  results  obtained  from  remote  sensing 
data  will  be  used  to  validate  the  previously  estimated 
figures  of  the  resource.  Remote  sensing  data  will  also  be 
fed  into  the  model  in  order  to  compare  the  results  of  the 
models  based  on  remotely  sensed  data  and  published 
data.  Similarly,  given  the  limitations  of  remote  sensing, 
it  will  be  necessary  to  account  for  all  the  spurious 
variability  associated  with  satellite  data  to  evaluate  how 
reliable  and  accurate  the  data  is  in  measuring  the 
parameters  used  in  the  model. 

To  begin  with,  it  will  be  necessary  to  identify  the 
type  of  sensor  that  will  be  suitable  in  providing  data  at 
the  temporal  and  spatial  resolution  required  in  this 
work.  The  availability  of  multisensors  (MSS,  TM,  SPOT, 
METEOSAT,  NOAA'S  AVHRR  etc.)  with  their 
multitemporal  characteristics  offers  the  user  a  wide 
range  to  choose  in  acquiring  the  information  needed. 

Tucker  et  al.,  (1985)  used  the  AVHRR  of  the  NOAA 
in  land  cover  classification  for  Africa;  the  coarse 
resolution  of  the  AVHRR  may  not  permit  the  detection 
and  mapping  of  small-scale  and  sporadic  activities  like 
fuelwood  consumption  or  bush  fires  going  on  in  Ghana 
because  of  the  scale.  In  combination  with  ground  truth 
information,  an  11-channel  multispectral  scanner  was 
used  to  obtain  data  on  the  actual  state  of  forest  lands  in 

5. W.  Germany  by  Kadro  and  Kuntz  (1986).  Also,  Daus  et 
al.  (1986)  derived  an  inventory  of  fuelwood  volumes  in 
Niger,  using  Landsat  imagery  and  medium  scale  aerial 
photography.  Many  other  studies  have  estimated  the 
extent  and  effects  of  fires  on  forests,  climatic  and 
atmospheric  conditions  (Maston  et  al.,  1987).  The  broad 
range  of  data  available  from  Landsat  Multispectral 
Scanner  (MSS),  Thematic  Mapper  (TM)  and  SPOT  can 
provide  the  data  for  analysis  in  the  model.  These  sensors 
should  be  evaluated  to  determine  which  bands  best 
provide  the  most  desirable  information  on  vegetation 
parameters  that  would  enable  the  estimation  of  type, 
productivity,  deforestation  and  regeneration  in  the 
model.  Other  factors  to  take  into  account  are  the 
occurrence  of  frequent  cloud  cover  and  the  number  of 
overpasses  of  the  sensor  in  this  region  of  Ghana  which 
is  necessary  for  the  monitoring  of  the  resource. 

To  assess  the  impact  of  current  and  projected 
deforestation  rates  on  the  social  milieux,  it  will  be 
necessary  to  include  population  growth,  farming 
practices  like  shifting  cultivation,  grazing,  bush  firing 
etc.  into  the  model.  This  work  seeks  to  evaluate  how 
much  of  the  model  can  be  based  on  remote  sensing  and 
at  what  level  of  spatial  and  temporal  resolution. 
Similarly,  it  seeks  to  analyse  which  parameters  included 
in  the  model  cannot  be  estimated  currently  by  remote 
sensing  means,  but  the  potential  is  there. 


6.  LIMITATIONS  OF  DATA  SOURCES 

Owing  to  paucity  of  data  on  the  resources  in 
Ghana,  it  was  only  feasible  to  work  with  F.A.O  published 
data  for  1980  and  projected  estimates  for  1985.  These  data 
were  used  against  the  background  of  the  inaccuracies 
and  inconsistencies  noted  in  the  FAO  publication.  It  is 
assumed  that  a  more  rigorous  model  can  be  developed 
when  more  reliable  and  recent  data  becomes  available. 

6.  DISCUSSION  AND  CONCLUSION 

This  work  has  attempted  to  illustrate  how  remote 
sensing  data  can  be  used  to  generate  a  simulation  model 
for  resource  management  over  time.  As  well,  data  from 
satellite  imagery  were  used  to  validate  other  published 
statistics  and  in  turn  determine  what  accuracy  limits 
should  be  expected  from  satellite  data  to  be  useful  for 
resource  management.  It  is  not  enough  to  generate 
maps  based  on  vegetation  indices;  perhaps,  it  will  be 
necessary  to  take  a  step  further  in  using  these  indices  in 
generating  and  simulating  some  of  the  resources  which 
arc  almost  in  a  state  of  extinction.  It  is  the  intention  of 
the  author  to  build  on  this  work  by  adding  other 
variables  into  the  model  such  as  slope,  aspect,  soil  type 
and  drainage  characteristics  (whichever  can  be  derived 
from  remote  sensing),  to  generate  additional 
information  on  the  productive  behaviour  of  the  resource. 
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Abstract-  Investigation  to  alleviate  the  consequences  of  pro¬ 
longed  and  frequent  drought  periods  in  the  Sahel  areas  of  West 
Africa  are  hampered  by  the  tack  of  data  on  the  water  resources 
Conventional  techniques  of  investigating  these  resources  in  the 
Sahel  are  expensive  and  diHicult  to  implement  given  the  partic¬ 
ular  conditions  of  the  area.  Remote  sensing  by  satellite  coupled 
with  ground  truth  data  from  the  past  and  obtained  currently 
at  a  limited  number  of  gauging  stations  may  provide  a  viable 
alternative  to  the  conventional  techniques  For  this  purpose,  a 
simple  rainfall-runoff  model,  whose  parameters  have  clearly  de¬ 
fined  physical  meaning  was  developed  calibrated  and  validated 
A  technique  for  estimating  monthly  rainfall  values  by  using  Me- 
teosat  data  was  also  developed  and  tested  Dy  using  the  satellite 
derived  rainfall  data  as  input  into  the  rainfall  runoff  model,  all 
the  components  of  the  hydrologic  cycle  were  estimated  and  the 
estimates  verified  using  measured  runoff  data  The  results  indi 
cate  that  the  application  of  these  techniques  yield  satisfactory 
estimates  at  least  with  respect  to  surface  runoff 

Keywords  -  Rainfall,  Runoff,  Model,  Meteosat,  Africa. 
INTRODUCTION 

As  is  well  known,  the  Sahel  area  of  West  Africa  has  experienced 
prolonged  and  frequent  drouglit  during  the  last  two  decades  As 
the  periods  followed  a  period  of  relatively  abundant  rainfall  and 
significant  improvement  in  sanitary  conditions,  the  consequences 
of  the  drought  have  been  particularly  disastrous.  A  large  number 
of  national,  regional  and  international  organizations  have  been  in 
vestigating  the  problem  associated  with  Sahel  drought  with  the 
purpose  of  developing  action  plans  aimed  at  alleviating  the  con 
sequences.  A  significant  difficulty  encountered  by  all  these  or 
ganizations  is  the  scarcity  of  data  on  the  natural  resources  of 
the  area,  in  particular  the  water  resources.  Whereas  the  larger 
rivers  have  been  generally  gauged,  occasionally  for  an  extended 
period  of  time,  the  gauging  of  the  smaller  rivers  has  been  to  a 
large  extent  neglected,  Future  plans  involving  the  use  of  surface 
resources  within  the  area,  in  particular  for  irrigation  purposes, 
sHouid  consider  the  use  of  the  srimlier  rivers^  ns  these  sre  likely 
to  be  close  to  the  demand  areas  and  suffer  much  less  losses  due  to 
evapotranspiration  and  infiltration  than  the  larger  rivers  Infer¬ 
ring  the  hydrological  regime  of  smaller  rivers  from  that  of  larger 
rivers  is  not  possible  because  of  the  large  unaccountable  and  of 
ten  variable  w'ater  uses  and  because  of  the  existence  of  numerous 
negative  tributaries.  The  problem  is  further  complicated  by  the 
fact  that  changes  in  land  use  in  the  area  result  in  non  stationary 


hydrologic  regimes.  These  circumstances  make  the  use  of  conven¬ 
tional  hydrologic  analysis  and  synthesis  for  the  Sahel  impractical. 

An  investigation  into  the  hydrologic  regime  of  the  Sudano- 
Sahelian  zone  of  West  Africa  carried  out  in  the  mid  seventies 
(Davy,  Mattei  and  Solomon,  1976)  indicated  that  precipitation 
is  related  to  runoff  by  a  relationship  which  varies  mainly  as  a  func¬ 
tion  of  river  basin  vegetation.  This  relationship  suggests  that  it 
might  be  possible  to  develop  a  conceptual  (deterministic)  rainfall 
-  runoff  model  with  parameters  varying  precisely  with  the  river 
basin  vegetation.  Such  a  model  could  be  used  to  synthesize  runoff 
time  series  from  a  corresponding  time  senes  of  precipitation,  to 
explain  past  non-stationarities  related  to  changes  in  river  basin 
vegetation  and  predict  the  future  hydrologic  regime  assuming  fu¬ 
ture  changes  in  the  vegetation  cover.  Since  vegetation  variation 
in  time  and  space  can  be  ideally  monitored  by  means  of  satel¬ 
lite  remote  sensing,  the  parameters  of  the  model  could  be  readily 
estimated  using  remote  sensing  data.  Furthermore,  since  precip¬ 
itation  variation  in  time  and  space  can  also  be  estimated  from 
satellite  remotely  sensed  data,  the  model  could  be  used  to  es¬ 
timate  the  variation  in  time  and  space  of  runoff  and  also  other 
components  of  t!  e  hydrologic  cycle.  It  was  therefore  considered 
of  interest  to  proceed  with  research  to  assess  the  feasibility  of 
the  above  described  methodology  for  estimating  the  time  -  space 
variation  of  the  hydrologic  cycle  in  small  river  basins  in  the  Sahel. 

THE  CONCEPTUAL  RAINFALL-RUNOFF  MODEL 

Many  hydrologic  models  in  use  today  require  extensive  historical 
runoff  data  as  well  as  detailed  physiographic  data  before  adequate 
calibration  can  be  carried  out.  This  data,  however,  is  not  always 
available  in  developing  areas.  In  addition,  these  models  also  have 
a  large  number  of  parameters.  These  parameters  are  sometimes 
not  based  on  physical  phenomena  but  arc  introduced  to  provide 
calibration  opportunities.  Several  researches  (Ragan  and  Jack- 
son,  1975,  Link,  1980)  have  shown  the  potential  for  using  remote 
sensing  to  estimate  parameters  for  hydrologic  modelling. 

This  phase  of  the  research  has  as  its  primary  goal,  the  devel¬ 
opment  of  a  simple  and  rational  hydrologic  model  that  has  the 
potential  of  using  remotely  sensed  data  for  the  estimation  of  the 
model  parameters.  The  hydrologic  model  developed  for  this  in¬ 
vestigation  is  of  a  parametric  type  and  based  on  a  mass  balance 
approach  and  a  monthly  time  step.  The  model  postulates  that 
moisture  enters  the  basin  as  precipitation  and  cither  percolates 
to  groundwater,  becomes  runoff  or  is  used  for  evapotranspiration. 
It  assumed  that  there  are  no  other  sources  of  moisture  available 
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within  a  river  basin. 

Tlie  model  has  four  parameters,  soil  moisture  capacity,  per¬ 
colation  capacity,  subsurface  flow  coefiicienl  and  a  soil  evapo- 
transpiration  coeflicient.  The  soil  moisture  capacity  (SMC)  is 
the  maximum  possible  amount  of  moisture  contained  within  a 
soil  profile  (mm).  Percolation  capacity  (PERK)  is  the  maximum 
amount  of  water  that  can  percolate  to  deep  groundwater  in  any 
given  month  and  the  subsurface  flow  coefficient  (SSFC)  repre¬ 
sents  a  proportion  of  the  soil  moisture  that  can  flow  to  rivers 
through  seepage  or  subsurface  flow.  In  many  arid  regions,  this  is 
the  only  flow  that  occurs.  The  soil  evapotranspiration  coefficient 
(/?)  is  a  proportion  of  the  soil  moisture  that  is  available  for  evap- 
otranspiration.  Evapotranspiration  is  estimated  using  a  modified 
version  of  a  formula  described  by  Turc(195C). 

For  the  purpose  of  calibration,  a  subroutine  called  CLIMB 
(Rosenbrock,  1960),  based  on  the  method  of  steepest  gradients 
for  optimization,  was  used  to  speed  the  optimization  of  model  pa¬ 
rameters.  The  four  model  parameters  were  calibrated  using  the 
ineteorolgical  and  hydrological  data  for  57  small  (less  than  100 
sq.km.)  river  basins  in  the  west  and  equatorial  regions  of  Africa. 
Optimization  of  parameters  was  done  by  comparing  historical 
runoff  data  with  those  estimated  by  the  model  and  then  minimiz¬ 
ing  the  standard  error  of  measurement.  Timing  of  peak  runoff 
and  dry  periods  was  also  examined.  The  optimized  parameter 
values  were  then  grouped  according  to  hydrologic  characteristics 
such  as  soil  type,  texture,  slope,  vegetation  and  lithology. 

Data  for  the  57  small  river  basins  were  available  for  between 
24  month  (-11  river  basins)  to  48  moiilhs  (2  river  basins).  The 
parameters  were  calibrated  using  the  first  24  months  of  available 
data.  Validation  in  time  was  then  carried  out  using  Mie  last  12 
months  of  data  that  was  available  for  each  of  fourteen  remaining 
basins.  Validation  in  time  indicated  that  the  model  was  reason¬ 
ably  estimating  the  flows  of  the  basin  independently  of  the  time 
period  used  for  calibration.  In  addition,  monthly  estimates  follow 
the  pattern  of  rainy  and  dry  seasons  well  and  provide  reasonable 
estimates  of  monthly  runoff. 

The  model  parameters  were  also  grouped  together  according 
to  basin  characteristics.  This  was  done  in  order  to  determine  if 
there  were  any  definitive  patterns  between  model  parameters  and 
their  soil,  vegetative  or  any  other  grouping.  Model  parameters 
were  then  averaged  according  to  a  particular  group  within  each 


General  Vegetation 
Group 

0 

SMC 

(mm) 

PERK 

(mm) 

SSFC 

(mm) 

Grassland 

10.3 

52 

58.2 

0.55 

Woodland 

8.0 

185 

43.6 

0.34 

Rainforest 

6.3 

374 

32.4 

0.22 

Table  1:  Model  Parameters  and  Vegetation  Categories 

characteristic.  For  example,  the  57  river  basins  were  grouped 
into  vegetation  categories  based  on  FAO  vegetation  classifications 
available  on  large  scale  maps.  The  calibrated  model  parameters 
were  then  grouped  together  according  to  the  particular  vegetation 
classific.'.tion  of  the  b.'isins.  The  avcr.’’.gcd  parameters  were  then 
run  through  the  model  (without  recall  brat  ion)  using  all  of  the 
basins  and  the  average  standard  error  calculated.  It  was  found 
that  grouping  by  soil  texture  and  slope  provided  very  inaccurate 
results.  The  groupings  of  soil  type,  lithology  and  vegetation  were 
found  to  have  poten-ial  use  for  the  estimation  of  model  parame¬ 
ters  and  subsequently  estimation  of  runoff.  For  obvious  reasons, 
the  vegetation  category  lends  itself  the  best  to  remote  sensing. 


Model  parameters  were  then  examined  to  see  if  they  corre¬ 
spond  to  expected  physical  phenomena.  For  example.  Table  1 
shows  the  parameter  values  for  three  general  vegetation  cate¬ 
gories.  As  expected,  soil  moisture  capacity  and  the  proportion 
of  soil  moisture  available  for  evapotranspiration  decreases  with 
the  increase  in  the  depth  of  the  soil.  Similarly,  soil  percolation 
capacity  decreases  with  the  increase  in  soil  depth.  Also,  the  sub¬ 
surface  flow  coefficient  increases  as  the  vegetation  type  changes 
from  grassland  to  rainforest.  This  can  be  explained  by  the  in¬ 
creased  porosity  of  the  rangeland  soils  as  well  as  the  more  arid 
climate  of  the  region  which  reduces  the  possibility  of  direct  runoff. 

The  parameter  values  obtained  using  the  vegetation  and  FAO 
soil  classification  system  was  validated  in  space  using  data  for 
Cote  d'Ivoire  that  became  available  towards  the  end  of  the  in¬ 
vestigation.  It  was  found  that  the  model  provided  reasonable 
estimates  of  total  annual  runoff  and  monthly  runoff  of  the  test 
basins  despite  the  basins  used  for  validation  being  generally  much 
larger  than  the  100  square  kilometer  limit  imposed  on  the  initial 
model  calibration. 

RAINFALL  FROM  METEOSAT  DATA 

Since  the  advent  of  meteorological  satellites,  many  methods  for 
estimating  rainfall  from  space  have  been  developed.  A  descrip¬ 
tion  of  some  of  the  most  successful  methods  can  be  found  in 
Barrett  and  Martin  (1981)  and  Atlas  and  Tbiele  (1981).  Each  of 
these  methods  developed  over  the  years  may  vary  substantially 
from  one  another,  depending  on  the  initial  user  requirements, 
time  frames  of  measurements  and  the  format  and  type  of  satel¬ 
lite  data  used.  For  example,  some  methods  rely  on  visible  channel 
data,  cloud  type  classifications  and  raingauge  data  to  develop  a 
rainfall  estimation  model .  Others  may  use  the  bi-spectral  char¬ 
acteristics  of  the  clouds  in  conjunction  with  weather  radar  to 
develop  the  model  algorithm  .  In  almost  all  cases,  the  informa¬ 
tion  derived  from  the  meteorological  satellite  supplements  the 
existing  raingauge  network  and  by  no  means  replaces  it. 

With  all  of  this  in  mind,  a  rainfall  estimation  algorithm  was 
developed  based  on  the  following  criteria; 

•  The  rainfall-runoff  model  dictated  a  monthly  time  step  for 
the  rainfall  estimates. 

•  The  rainfall  model  should  be  flexible  enough  to  allow  the 
user  to  estimate  rainfall  for  any  given  basin  within  the  study 
region 

•  The  model  would  require  archived  satellite  data  since  the 
basin  runoff  data  was  only  available  for  1986. 

in  examining  the  rainfall  patterns  and  cloud  behavior  within 
the  Sudan-Sahel  zone  during  the  rainy  season  (May  -  October), 
one  quickly  realizes  the  speed  with  which  the  systems  travel 
across  this  part  of  the  continent.  During  the  early  months  of 
the  rainy  season,  the  main  rain  bearing  system  within  the  zone 
occur  along  squall  lines  which  travel  from  the  east  along  the  trade 
winds  Using  Meteosat,  these  squall  lines  can  be  monitored  and 
reports  typically  show  them  traveling  across  continental  West 
Africa  in  24  hours  (AGRHYMET,1986).  Also,  storms  within  the 
region  tend  to  be  very  spotty  and  of  low  duration  and  high  inten¬ 
sity  For  these  reasons,  it  is  important  to  monitor  the  situation 
over  the  entire  region  relatively  frequently  Given  the  situation, 
Meteosat  data  is  seen  as  the  logical  choice  for  satellite  data 

Attempts  were  made  to  obtain  visible  or  infrared  imagery 
(and/or  CCT’s)  spanning  a  long  enough  period  of  time  to  de- 


2171 


velop  a  rainfall  model.  Unfortunately  obtaining  such  information 
at  the  required  intervals  (maximum  of  6  hour  intervals  was  cho¬ 
sen  as  an  extreme  outside  limit)  was  not  possible.  Such  a  high 
frequency  of  images  arc  simply  not  readily  nor  easily  available. 
Although  daily  images  arc  available,  they  are  obviously  totally 
unsatisfactory  for  proper  monitoring  of  metcorologic  information 
for  an  area  such  as  West  Africa.  Fortunately,  data  for  the  entire 
rainy  season  of  1986  (May  to  October)  was  stored  in  the  form 
of  cold  cloud  top  occurrences  (Oc)  and  Meteosat  maximum  sur¬ 
face  temperatures  (Tmai),  both  based  on  data  obtained  from  the 
Meteosat  infrared  channel.  The  ORSTOM  research  station  in 
Lannion,  France  in  conjunction  with  the  Centre  Meteorologique 
Spatialc  (CMS)  has  developed  an  algorithm  which  analyses  the 
corrected  infrared  data  from  Darmstadt  and  keeps  an  accounting 
of  the  cold  cloud  (  <  -40°  C)  occurrences  and  the  maximum 
surface  temperatures  for  5  day  periods  within  the  rainy  season. 
This  data  is  obtained  for  all  pixels  within  the  Meteosat  image 
frame  at  intervals  of  three  hours.  Although  Meteosat  images  are 
available  every  1/2  hour,  computing  power  limited  the  algorithm 
to  accounting  at  intervals  of  every  three  hours. 

Much  work  has  been  done  over  the  years  using  this  form  of 
satellite  data  for  developing  rainfall  algorithms,  particularly  for 
this  region  of  Africa.  It  has  been  shown  (Cam  &  Lahuec,  1987) 
that  monthly  rainfall  amounts,  using  regression  equations  based 
on  cold  cloud  occurrences  and  known  rainfall  levels,  could  be 
estimated^  successfully  In  this  case,  it  was  felt  that  a  strong 
relationship  exists  between  the  frequency  of  cold  clouds  passing 
through  a  particular  pixel  and  the  known  rainfall  amount  (based 
on  a  rainfall  gauge  somewhere  within  the  pixel).  Similar  work 
has  been  done  at  the  University  of  Reading  (Milford  &  Dugdale, 
1985)  however,  the  threshold  temperature  was  set  <  -60°  C. 

In  parallel  with  the  attempts  to  determine  the  relationship 
between  cold  clouds  and  rainfall,  there  have  also  been  attempts 
to  determine  whether  or  not  a  relationship  exists  between  the  the 
changes  in  maximum  surface  temperature  and  rainfall  amounts. 
What  is  expected  is  that  during  and  after  rainy  periods,  the  soil 
temperature  becomes  cooler  due  to  the  lower  reflective  charac¬ 
teristics  of  the  soil  and  the  actual  evapotranspiration  process. 
Studies  show  a  correlation  coefficient  of  -  0.88  between  the  Me¬ 
teosat  surface  temperature  summed  up  for  the  entire  rainy  season 
and  the  corresponding  rainfall  amounts.  (See  Assad  ct.  al. ,  1986) 

The  rainfall  data  obtained  for  this  study  is  made  up  of  142 
rainfall  stations  located  within  the  entire  Sudnno-Schelian  zone. 
Ninety  three  of  the  stations  are  synoptic  weather  stations  scat¬ 
tered  throughout  the  zone,  with  the  bulk  of  the  stations  located 
in  the  more  southern  reaches.  The  remaining  stations  are  all 
secondary  meteorolgical  stations  located  in  Niger. 

Using  a  navigation  algorithm  developed  by  ESA  and  imple 
niented  at  the  CMS,  it  was  possible  to  determine  the  location  of 
each  rainfall  station  within  the  meteosat  image  frame.  The  ac¬ 
curacy  of  thcoe  results  are  considered  good  to  -f/-  1  pixel.  With 
this  information  it  is  possible  to  extract  both  the  cold  cloud  oc¬ 
currences  and  maximum  surface  temperatures  for  each  of  the 
143  stations  Since  the  cold  cloud  top  occurrences  and  the  5 
day  maximum  Meteosat  surface  temperature  data  sets  were  both 
available,  it  was  felt  that  a  statistical  regression  equation  using 
the  above  mentioned  values  as  the  independent  values  and  the 
rainfall  as  the  dependent  could  be  developed. 

Histograms  of  the  spatial  distribution  of  the  rainfall  data  for 
the  six  months  within  the  rainy  season  were  plotted  to  determine 
how  the  monthly  data  were  distributed.  Based  on  these  results 
and  the  values  obtained  for  the  coefficients  of  skew  and  kurtosis, 
the  distributions  fit  a  log-normal  distribution  for  the  'dry'  months 


Statistic 

MAY 

JUN 

JUL 

AUG 

SEP 

OCT 

Ol 

1.431"’ 

1.693 

‘  5.048 

““‘4'.46 

126 

0.83' 

Oj 

•0.080 

-1.372 

-6.118 

-7.951 

-9.193 

-4.12 

Q3 

0.086 

2.131 

257.4 

326.5 

372.6 

6.77 

r 

0.74 

0.69 

0.79 

0.79 

0.76 

0.83 

Table  2:  Rainfall  Regression  Results 

and  a  normal  distribution  for  the  ’wet’  month.  This  lead  to  the 
development  of  the  regression  equations  in  the  following  form. 

P  PT  =  aiOc  +  a^T„|,z  +  Oi  (1) 

for  the  wet  months  of  July,  August  and  September.  The  re¬ 
gression  equation  for  May  June  and  July  are  given  as, 

log(PP7’)  =  Oi  log(Oj  -f  1)  -f  Qj  logJPmat)  -f  as  (2) 

Where  01,02,03  are  the  regression  coefficients. 

The  results  of  the  regression  show  a  correlation  coefficient 
value  ranging  from  the  lowest  in  June  of  0.70  to  the  highest  in 
October  at  0.83.  A  summary  of  the  regression  results  are  listed 
in  Table  2. 

ESTIMATING  BASIN  RAINFALL  AND  RUNOFF 

The  rainfall  -  runoflf  model  described  previously  estimates  monthly 
runoflf  values  using  the  lumped  parameter  values  given  in  Table  1 
or  by  calculating  these  parameters  using  the  previously  described 
calibration  technique  (provided  a  large  enough  sample  of  historic 
data  is  available).  In  either  case,  once  the  4  model  parameters 
are  established,  it  is  possible  to  estimate  monthly  runoff  using 
only  monthly  rainfall  and  temperature  data  as  model  inputs.  In 
our  case,  runoff  data  from  5  small  basins  within  the  zone  were 
available  for  validation  purposes.  This  enabled  the  verification  of 


River 

Station 

Size 

[sq.km.) 

SMC 

(mm) 

PERK 

(mm) 

SSFC 

(mm) 

Douni 

Point398 

120 

12.0 

311.6 

54.4 

0.14 

Kobani 

Nimbrini 

342 

5.0 

185.0 

58.2 

0.55 

Degoii 

Diolala 

450 

8.0 

185.0 

58.2 

0.55 

Doundian 

Wahire 

640 

4.7 

106.0 

94.1 

0.28 

Ouaireba 

Wahire 

810 

1.9 

93.6 

94.2 

0.32 

Table  3:  Rainfall-Runoff  Model  Parameter 

the  rainfall  runoff  model  with  respect  to  runoff  estimates  and  es¬ 
tablished  a  basis  for  comparing  conventional  and  remote  sensing 
estimates  of  basin  rainfall. 

The  size  of  the  basins  used  in  this  verification  varied  from 
120  sq.km,  to  810  sq.km,  with  all  of  the  basins  located  in  North¬ 
ern  Cote  d’Ivoire.  The  general  vegetation  category  for  all  the 
basins  fell  into  the  Sudanian  Woodland  category  with  the  asso¬ 
ciated  model  parameter  values  as  given  in  Table  1.  Because  data 
for  1982  and  1983  were  available  for  three  of  the  five  basins  a 
calibration  of  the  four  model  parameters  was  performed.  Since 
the  calibration  was  possible,  these  calibration '  basins  were  then 
validated  in  time  alone  while  the  remaining  two  basins  were  val¬ 
idated  in  both  space  and  time.  Table  1  gives  the  rainfall-runoff 
model  parameters  for  the  5  study  basins. 

In  order  to  compare  the  rainfall-runoff  model  results  using 
both  conventional  and  remotely  sensed  rainfall  as  an  input,  an 
areal  basin  estimate  was  required.  The  conventional  method  was 
based  on  a  weighted  average  where  the  weight  is  a  function  of 
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the  distance  between  the  gauge  and  the  center  of  the  basin.  This 
method  was  chosen  because  in  all  cases,  the  raingauges  were  lo¬ 
cated  outside  the  basin.  The  remote  sensing  rainfall  estimates 
are  based  on  the  previously  mentioned  regression  technique  with 
01,02  and  03  as  given  above.  The  five  basin  boundaries  were 
delineated  within  the  Meteosat  image  frame  and  the  Tnaz  values 
along  with  the  0^  pixel  values  were  extracted  for  each  pixel  within 


rrm 


Figure  1:  Basin  Rainfall  Estimates  (Ouaireba) 


each  of  the  5  basins.  The  regression  equation  was  then  applied  to 
each  of  the  pixels,  giving  a  rainfall  estimate  for  that  pixel.  The 
basin  estimate  was  then  calculated  by  averaging  the  rainfall  es¬ 
timates  of  the  pixels  within  their  respective  basins.  Areal  basin 
rainfall  estimations  results  for  Ouuireba@Wahire  are  given  in  Fig¬ 
ure  1.  With  both  the  remotely  sensed  and  conventional  rainfall 
estimates  available,  it  is  possible  to  compare  the  rainfall-runoff 
model  response  to  these  two  inputs  The  rainfall-runoff  model 
monthly  hydrogtaphs  for  Douni®Point398  are  given  in  Figure  2. 


Figure  2.  Basin  Runoff  Estimate  (Doundi@Pt398) 


In  alt  5  cases  the  remotely  sensed  basin  rainfall  estimates 
yielded  belter  model  results,  with  respect  to  the  standard  error 
calculated  from  known  runoff  values.  The  standard  error  of  vali¬ 
dation  of  runoff  for  all  5  study  basins  are  given  in  Table  4.  Based 
on  the  standard  errors  calculated  for  the  monthly  hydrographs 
a  trend  towards  an  improved  method  of  rainfall  interpolation  is 


Basin 

Name 

Station 

Name 

Conventional 
Runofl'  Error 
(mm) 

Remote  Sensing 
Runoff  Error 
(mm) 

Douni 

Point395 

6.39 

5.76 

Kobani 

Ninibrini 

31.07 

28.53 

Degou 

Diolala 

8.34 

7.13 

Doundian 

Wahire 

16.92 

9.89 

Ouaireba 

Wahire 

11.96 

11.75 

Table  4.  Rainfall-Runoff  Model  Results  -  Standard  Error 

demonstrated.  This  is  of  particular  interest  to  areas  such  as  the 
Sahel,  where  there  is  only  a  sparse  network  of  existing  rainfall 


gauges.  Also  demonstrated  is  the  posribility  of  assessing  monthly 
floWv  for  small  basins  in  the  region  where  no  hydrometric  data 
already  exists. 

CONCLUSIONS 

There  is  a  signifleant  relationship  between  vegetation,  precipita¬ 
tion  and  runoff  in  the  Sahel  area.  This  relationship  can  be  used 
with  a  conceptual  (deterministic)  rainfall-runoff  model  to  esti¬ 
mate  monthly  flows  in  small  (less  than  500  sq.  Km.)  ungauged 
river  basins.  The  results,  based  on  monthly  hydrograph  esti¬ 
mates,  demonstrate  a  trend  towards  improved  rainfall  monitoring 
by  using  satellite  remote  sensing  as  a  means  of  interpolation  be¬ 
tween  known  raingaugc  values.  Also,  by  using  the  rainfall-runoff 
model  in  conjunction  with  the  remotely  sensed  data,  the  possi¬ 
bility  of  reliable  runoff  data  for  basins  with  little  or  no  existing 
hydrometeric  data  is  introduced.  The  error  of  estimate  of  precipi¬ 
tation  values  is  of  the  order  of  (-f/-)  40%.  The  error  of  estimation 
of  monthly  runoff  values  is  the  order  of  (+/-)  20%.  The  accuracy 
obtained  by  the  technique  is  equivalent  to  that  which  could  be 
obtained  if  a  network  of  about  300  stations  could  be  installed  on 
small  river  basins  in  the  Sahel  area. 
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ABSTRACT 


In  view  of  the  size,  the  natural  resourae  base 
and  the  changing  weather  conditions  of  Ethiopia, 
the  application  of  remote  sensing  techniques  for 
rapid  mapping  and  environmental  monitoring  is 
very  suitable.  The  Rational  Centre  for  Remote 
Sensing,  although  at  its  inceptive  stage,  is 
making  good  progress  in  strengthening  its  capa¬ 
bility,  Some  assistance,  by  way  of  technology 
transfer,  implementation  of  resources  studies 
using  remote  sensing  data  and  acquistition  of 
equipment,  has  been  received  by  the  centre 
through  Technical  Cooperation  Programmes  with 
international  &  governmental  institutions  out¬ 
side  Ethiopia,  However  the  centre  is  not  as 
yet  in  a  position  to  segnificantly  broaden  the 
terrain  ^ta  base  of  the  country  and  to  cope 
with  the  ever  increasing  demand  by  users  in  a 
variety  of  the  economic  sectors  for  timely  and 
reliable  terrain  information.  These  and  some 
of  the  constraints  hampering  the  much  desired 
promotion  of  remote  sensing  in  Ethiopia  are 
discussed  and  possible  solutions  suggested. 


I.  INTRODUCriON 


Ethiopia  is  situated  in  the  Eastern  Horn  of 
African  with  an  area  of  1,223,000  sq  km  stretch¬ 
ing  from  3°  N  to  18°  N  latitude  and  from  33°  E 
to  480  E  longitude.  It  has  a  population  of 
about  48,000,000  which  makes  it  the  3^^  largest 
in  Africa  after  Nigeria  and  Egypt. 


The  topographical  features  are  diverse  with 
high  mountains,  plateaux, plains,  gorges  and 
valleys.  The  altitude  ranges  from  4,620  metres 
above  sea  level  at  Mount  Ras  Dashan  to  about 
110  metres  below  sea  level  at  the  depression 
of  the  Kobar  sink.  The  Western  and  South 
Eastern  Highlands  which  are  distinctly  separa¬ 
ted  by  the  central  lowland  areas  of  the  Rift 
Valley  are  conspicuous  features.  The  areas 
surrounding  these  two  major  highland  systems 
are  lowland  areas.  The  absolute  altitude  of 
these  lowlands  are  higher  than  several  moun¬ 
tains  and  it  is  relative  to  the  overall  topo¬ 
graphy  that  they  are  leferred  to  as  'lowlands I 
for  exaj^jle  at  some  places  the  Rift  Valley 
floor  rises  to  a  height  of  2,000  meters. 


The  general  geology  of  the  country  suggests 
the  existence  of  several  types  of  minerals, 
oil  and  gas  deposits.  Ethiopia  has  many  lakes 
and  big  rivers.  Some  of  the  rivers  flow  beyond 
the  boundaries  of  the  country  washing  away 
enormous  amount  of  valuable  soil.  Many  of 
these  rivers  have  their  sources  on  the  high 
mountains  thus  cutting  the  land  into  deep 
gorges  and  valleys. 


The  landscape  presents  widely  varied  aspects 
of  vegetation  ranging  from  scanty  desert  vege¬ 
tation  to  Afro-Alpine  vegetation  type.  Heavy 
deforestation  for  cultivation,  settlement  and 
fuel  wood  has  diminished  the  high  forest  re¬ 
gion  from  401  to  4.4i  over  a  period  of  about 
50  years.  The  continuing  deforestation,  over- 
grazing,  traditional  cultivation  methods,  etc, 
accelerate  erosion.  This  can  clearly  be  seen 
in  the  northern  parts  of  the  country  where 
farming  has  been  practised  for  a  long  time 
with  deforestation  conpleted  and  agricultural 
potential  almost  exhausted.  In  general,  the 
high  population  growth  rate  (2.91)  and  the 
misuse  of  the  resources  together  with  the 
adverse  natural  processes  have  literally 
changed  the  landscape  of  the  country. 


As  a  result,  the  government's  iimediate 
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conem  is  to  rehabilitate  the  land,  prevent 
further  damage  and  develop  its  natural  re¬ 
sources.  In  this  respect,  the  timely  and 
regular  supply  of  reliable  terrain  informa¬ 
tion  is  an  absolute  necessity  to  restore  the 
ecological  balance  and  to  be  able  to  exploit 
the  natural  resources  for  the  benefit  of  the 
people.  Remote  sensing  is  an  appropriate 
technology  for  environmental  monitoring  and 
rapid  mapping  and  evaluation  of  the  resources 
Its  wider  application  in  Ethiopia  therefore 
appears  to  be  very  promising. 


II.  HIE  NATIONAL  CENTRE  FOR  REM3TE  SENSING  (NCRS) 


The  NCRS  is  the  national  focal  point  for  remote 
sensing.  It  is  responsible  for  the  planning 
and  execution  of  remote  sensing  activities  and 
ensures  that  the  requirements  of  user  agencies 
are  well  coordinated.  The  NCRS  functions  under 
the  auspices  of  the  Ethiopian  Mapping  Authority 
lEMA)  which  in  turn  comes  directly  under  the 
Office  of  the  Council  of  Ministers.  It  has 
full  mandate  for  the  collection,  processing 
and  s^ply  of  terrain  information  for  the 
planning,  development  and  management  of  the 
natural  resources  of  the  country. 


In  the  organizational  structure  of  E'lA  there 
is  a  Map  &  Remote  Sensing  Advisory  Coimiittee 
composed  of  representatives  from  major  user 
institutions  and  chaired  by  the  General  Manager 
of  EMA.  The  Committee  is  responsible  for 
setting  priorities  for  mapping  and  remote 
sensing  projects  in  pursuance  of  the  guide 
lines  in  the  National  Economic  Development 
Plan,  and  in  ensuring  that  all  users  have 
balanced  access  to  the  centre's  facility. 

The  immediate  objectives  of  the  NCRS  may  be 
summarized  as  follows j- 

-  Promotion  of  the  application  of  remote 
sensing  technology  through  training  and 
technology  transfer. 

-  Processing  of  satellite  data  and 
establishing  Geographic  Information 
System. 

-  Establishment  of  a  national  archive 
for  all  satellite  data  covering  the 
country  and 

-  Provision  of  user's  assistance  services 
in  applied  remote  sensing. 

The  centre  is  managed  by  a  Senior  Expert  and 
has  10  technical  staff  including  a  United 
Nations  consultant  who  is  mainly  engaged  in 
training  the  local  staff  and  supervising  pro¬ 
jects.  The  Head  directs  and  coordinates  all 
technical  activities  and  BIA's  central  admini¬ 
strative  office  renders  all  logistical  and 
other  general  services.  Very  Soon  the  NCRS 
will  have  its  own  administrative  service. 
Although  the  centre  is  at  its  inceptive  stage, 
it  is  making  a  good  progress  in  building  up 


capability  in  trained  manpower  and  the  acquisi¬ 
tion  of  necessary  equipment  for  analogue  and 
digital  image  processing  and  interpretation. 

III.  THE  NEED  FOR,  AND  ABAILABILITY  OF,  TERRAIN 
DATA  BASE 

It  is  only  through  proper  planning  and  develop¬ 
ment  of  the  natural  resources  of  the  country 
that  the  economic  well-being  of  the  people 
can  be  improved.  Sound  economic  planning,  be 
it  at  macro  or  micro  level,  must  be  based  on 
conplete  and  reliable  information  about  the 
location,  extent,  type  and  subsequent  exploi¬ 
tation  of  the  natural  resources.  With  the 
advent  of  remote  sensing,  man's  knowledge 
about  the  earth's  resources  and  the  changing 
environment  has  expanded  greatly.  Satellite 
remote  sensing  in  conjunction  with  aerial 
photography  and  other  traditional  mapping 
techniques  providesnew  possibilities  for 
quick,  inexpensive  and  effective  means 
of  terrain  data  collection  and  evaluation. 


Even  though  the  application  of  remote  sensing 
in  Ethiopia  started  late  in  1984,  it  is  now 
becoming  more  and  more  popular  among  planners 
and  earth  scientists.  Landsat  MSS  data  have 
been  used  for  general  landuse  and  land  re¬ 
clamation  studies,  land  cover  classification 
and  woody  biomass  assessment.  Tlie  preparation 
of  the  National  Landuse  Plan  was  based  on  the 
result  of  the  studies.  But  as  the  scale  of 
the  imageries  was  1:1,000,000  and  the  method 
of  interpretation  was  analogue,  the  informa¬ 
tion  is  found  to  be  inadequate.  Plan  is, 
therefore,  underway  to  up  date  the  study  by 
using  Landsat  TM  and  Spot  XS  and  digital 
image  processing  method.  Some  pilot  projects 
have  been  carried  out  to  evaluate  the  cost  and 
time  effectiveness  of  map  revision  and  produc¬ 
tion  using  satellite  imageries.  One  map  sheet 
at  the  scale  of  1:50,000  has  already  been  re¬ 
vised  using  Spot  pancrcraatic  imageries  and  a 
new  mapping  of  an  area  of  3,780  sq  km  using 
Spot  pancromatic  imageries  is  in. progress .The 
ground  control  required  for  the  geometric  & 
precision  correction  of  the  imageries  will  be 
acquired  by  GPS  and  the  actual  image  restitu¬ 
tion  is  being  undertaken  on  the  digital  system 
of  the  Swedesh  Space  Corporation.  The  results 
of  the  evaluation  is  pending  the  conpletion  of 
certain  activities. Use  of  the  Spot  pancromatic 
and  high  resolution  Soviet  space  photograph 
will  be  made  at  EMA  for  mapping  at  1:50,000 
scale  applying  advanced  photograrametric  tech¬ 
niques  and  for  revising  the  1:250,000  scale 
maps.  Other  satellite  data  such  as  the  Soviet 
KATH  ciTC  ulsc  civciilciblw  for  portions  of 
the  country  in  pancromatic  and  multispectral 
films. 


The  weather  satellite  data  is  received 
regularly  by  the  National  Nteteorological 
Agency  and  this  together  with  the  NOAA-AVHRR 
data  is  becoming  very  useful  for  the  National 
Early  Warning  System. 
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The  satellite  data  for  digital  and  analogue 
processing  are  purchased  abroad  and  are 
available  in  CCTs  and  other  photographic 
products.  The  nonavailability  of  a  grourid 
receiving  station  for  high  resolution  satel¬ 
lites  such  as  Landsat  and  Spot,  neither  in 
Ethiopia  nor  in  the  neighbouring  countries, 
has  caused  inconvenience  in  acquiring  the 
desired  Sat-data  in  real  or  in  near  real  time 
In  general  there  is  a  grovdng  interest  in  the 
application  of  remote  sensing  by  users  in  a 
number  of  sectors  and  this  is  a  big  challenge 
for  the  NCRS  to  cope  with. 


The  whole  of  Ethiopia  has  been  covered  by 
topographic  maps  at  scale  1:250,000  with 
contour  interval  at  100  metres.  This  maps 
are  being  used  extensively  for  pre-feasibility 
studies  for  resources  development  and  as  a 
base  for  other  surveys  such  as  geological, 
soil  and  water  resources. 


Since  maps  at  this  scale  cannot  portray  de¬ 
tailed  and  accurate  information  for  final 
planning  and  project  preparation  and  execution, 
E>IA  has  embarked  upon  1:50,000  scale  topogra¬ 
phical  mapping  project  with  the  aim  of  covering 
selected  areas  of  the  country.  So  far  only 
about  291  of  the  country  has  been  mapped  at 
this  scale  conpletion  of  this  mapping  pro- 
granme  will  take  20  to  25  years  even  assuming 
considerable  increases  in  productivity.  Other 
small  scale  maps  of  the  order  of  1:500,000, 
1:1,000,000  and  1:2,000,000  and  a  variety  of 
thematic  maps  are  also  available.  In  spite 
of  the  need  for  revision  of  most  of  the  existing 
maps,  so  far  no  attenpt  has  been  made  to  em¬ 
bark  upon  map  revision  progranmes  since  the 
available  resources  are  limited  and  the  pri¬ 
ority  is  the  extension  of  the  map  coverage 
of  the  country.  At  present  possibilities  of 
launching  map  revision  progranmes  for  map 
scales  of  1:50,000  and  1:250,000  with  the 
Spot  and  the  Soviet  KATE  &  KFA  photographs 
are  being  considered  in  light  of  the  time 
and  cost  effectiveness  of  this  approach. 


A  multicolour  edition  of  the  First  National 
Atlas  of  Ethiopia  has  been  published  recently. 
The  contents  of  the  Atlas  cover  76  topics  deal¬ 
ing  with  environmental,  resources,  socio-econo¬ 
mic  and  historical  aspects  of  the  country.  The 
availability  of  such  a  cor^jrehensive  data 
source  on  these  subjects  has  strengthened  the 
existing  data  base  and  has  proved  very  useful 
for  macro-economic  planners,  researchers , decis¬ 
ion-makers  and  the  public  at  large. 


Aerial  photography  is  normally  flown  as  a 
COT^Jonent  of  mapping  projects.  A  conplete 
photographic  coverage  at  the  scale  of  1:50,000 
has  been  acquired  in  1972  for  the  1:250,000 
scale  mapping  programme.  New  photography  at 
the  same  scale  is  being  flown  for  the  1:50,000 
scale  mapping.  Some  areas  where  intensive 
development  activities  are  taking  place  are 


covered  by  large  scale  photographs,  ie.  scales 
1:20,000,  1:10,000  etc.  These  photographs  are 
also  used  for  interpretation  purposes. 


IV.  TECHNICAL  COOPEKATIW  PROGIWMES  AND 
TECHNOLOGT  TRANSFER 


UlA  has  been  cooperating  with  international  and 
governmental  organizations  out  side  Ethiopia 
for  carrying  out  mapping  and  remote  sensing 
projects.  Essentially  the  technical  coopera¬ 
tion  programmes  aim  at  producing  maps  and/or 
carrying  out  resources  studies  using  remote 
sensing  techniques  in  a  given  time  frame.  The 
equipment  and  expertise  which  are  necessary 
for  the  job  are  usually  provided  by  the  co¬ 
operating  institutions  and  in  most  cases  these 
programnes  have  been  acoraplished  sucessfully. 

It  was  through  such  arrangements  that  the  topo¬ 
graphic  mapping  at  scales  1:250,000  and 
1:50,000  and  that  the  landuse  studies  and  the 
woody  biomass  assesement  using  landsat  data 
were  iii5)lemented .  Needless  to  say  that  tec¬ 
hnical  cooperation  progranmes  are  necessary 
to  acquire  in  time  the  terrain  data  needed 
for  the  various  econranic  sectors  as  the  local 
capability  in  the  fields  of  cartography  and 
remote  sensing  is  not  yet  adequate. 


In  an  environment  where  the  technical  base  for 
developing  ones  own  indigenous  technology  is 
non-existent,  the  obvious  option  is  to  judi¬ 
ciously  apply  proven  exogenous  technology 
through  technical  cooperation  progranmes.  Such 
an  approach,  however,  should  not  preclude  the 
possibility  of  creating  the  condition  for 
developing  indigenous  technology.  Neverthless 
experience  reveals  tliat  the  positive  inpact 
of  technology  transfer  through  technical  co¬ 
operation  progranmes  has  not  been  so  encourag¬ 
ing.  After  the  projects  foreseen  in  the 
cooperation  agreenent  have  been  con^ileted 
and  the  progranmes  terminated,  until  very 
recently,  it  has  not  been  possible  for  EMA 
to  undertake  similar  projects  independently 
simply  because  the  participation'  of  the 
indigenous  staff  in  the  various  areas  of 
the  project  activity  has  not  been  sufficent 
and  eiqjhasis  has  not  also  been  given  for 
local  manpower  training  and  technology 
transfer  during  the  iji^slementation  of  the 
projects.  The  foreign  experts  who  are 
assigned  to  the  projects  are  primarly 
concerned  with  the  fulfillment  of  their 
responsiblities  according  to  work  plans 
and  naturally  cannot  attach  great  importance 
to  the  training  of  local  staff. 


It  is  often  the  case  that  the  equipment 
purhased  for  executing  such  projects  rarely 
extend  their  services  beyond  the  duration  of 
the  projects  for  lack  of  maintenance  and 
repair  facilities  locally.  Ihe  only  way  to 
keep  the  equipment  working  is  by  bringing 
service  technicians  and  spare  parts  from 
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outside  the  country  which,  of  course,  is  a  very 
costly  and  tune  consuming  option.  This  option 
itself  becomes  in^jossible  if  the  failure  rate 
of  the  equipment  happens  to  be  high.  Delay  in 
project  iinplementation  is  caused  due  largely 
to  lack  of  maintenance  and  serv’ices  in  the 
local  enviromental  especially  for  electronic 
outfits.  Technical  cooperation  progranmes  us¬ 
ually  donot  give  serious  consideration  to  this 
aspect  while  planning  purchase  of  equipment. 


In  order  for  technical  cooperation  progranme 
to  foster  effectively  technology  transfer  it 
should  aim  at;- 

-  Building  local  capability  at  all  levels,  ie, 
from  routine  ntiintenance  of  equipment  to 
project  management. 

-  Giving  attention  to  a  continuous  exchange  of 
experiences  through  study  tours  and  consul¬ 
tancy  services. 

-  Designating  specific  duties  to  local  personnel 
so  that  they  feel  a  sense  of  responsibility  and 
this  will  guarantee  the  success  of  the  learning 
process. 

-  insuring  that  cooperating  institution  provide 
support  services  in  a  sustained  manner  so  that 
the  recipient  institution  has  a  fall  back 
position  whenever  its  own  system  fail  to 
operate. 


In  this  context,  the  technical  assistance 
programae  between  IDRC  and  EM\, although 
limited  in  scope,  may  be  cited  as  a  good 
exanple  in  technology  transfer.  IDRC 
provided  financial  assistance  for  the  pre¬ 
paration  and  publication  of  the  First  Na¬ 
tional  Atlas  of  Ethiopia.  The  data  collec¬ 
tion  analysis  and  compilation  of  the  maps 
including  the  writing  of  the  explanatory 
texts  have  been  carried  out  by  the  staff  of 
BiA.  IDRC's  involvement  was  confined  to 
giving  technical  advice  on  the  design  and 
cartographic  presentation  of  the  Atlas  and 
some  occasional  supervision  as  and  when  re¬ 
quired.  The  work  of  the  Atlas  has  been  ac- 
c^lished  successfully  leaving  behind  a 
big  confidence  and  experience  among  the 
Ethiopia  experts  and  this  will  certainly 
enable  BiA  to  undertake  in  future  similar 
projects  on  its  own. 


V.  CONCLUSIONS 


The  wcrrein  dete  bssc  couldnot  sstisfv 

the  requirements  of  the  various  sectors  of  the 
econony.  There  is  therefore  an  urgent  need  for 
speeding-up  the  process  of  terrain  data  collect- 
tion  and  evaluation.  The  conventional  method 
of  mapping  is  ve^  costly  and  time  consuming; 
furthermore,  it  is  not  suited  for  monitoring 
the  environment  and  for  interpretation  of  the 


different  land  features.  Remote  sensing  has 
certain  capabilities  such  as  synoptic  view, 
repetitivity  and  multispectral  interpretability 
which  the  conventional  method  is  lacking.  The 
conventional  method  will, of  course,  continue 
to  play  an  important  role  for  large  scale 
mapping.  Remote  sensing  and  the  conventional 
method  should  be  regarded  as  coirplementary 
techniques  for  the  acquisition,  processing 
and  evaluation  of  resources  and  environmental 
information. 


The  NCRS  which  has  the  responsibility  for  pro¬ 
moting  the  application  of  remote  sensing  is 
making  an  encouraging  effort  to  strengthen  its 
capacity.  Some  technical  assistance  has  been 
received  from  the  United  Nations  Development 
Programme  and  the  Food  and  Agriculture  Organi¬ 
zation  for  training  the  staff  of  the  centre, 
purchase  of  equipment  and  materials  as  well 
as  for  carrying  out  some  studies  using  remote 
sensing  techniques.  The  results  of  these 
studies  have  proved  to  be  very  useful  for  the 
development  planning  and  management  of  the 
natural  resources.  The  centre  has  succeeded 
in  serving  as  the  national  focal  point  and  as 
a  coordinating  body  for  remote  sensing  activi¬ 
ties  in  the  country. 


The  centre  has  difficulty  in  getting  satellite 
data  easily  from  the  different  sources  abroad, 
uhe  fact  that  there  is  no  ground  receiving 
station  for  capture  of  high  resolution  Sat- 
data  in  Ethiopia  and  the  ni^hbouring  countries 
is  a  draw-back  for  the  centre.  The  centre 
is  also  facing  other  constraints  such  as 
shortage  of  trained  personnel,  equipment  and 
local  manitenance  and  services.  The  technical 
assistances  received  so  far  have  been  very 
useful  in  providing  satellite  data  and  under¬ 
taking  some  remote  sensing  activities.  How¬ 
ever,  they  donot  seem  to  have  put  enough 
eitphasis  on  technology  transfer  so  the  centre 
is  not  as  yet  in  a  position  to  inplement  remote 
sensing  projects  without  some  help  from  experts 
on  consultancy  services.  It  is  therefore  sug¬ 
gested  that  Technical  Cooperation, Programmes 
should  play  a  more  important  role  to  accelerate 
the  process  of  technology  transfer  and  thereby 
enable  the  recipient  institution  become  self- 
reliant  in  a  reasonable  period  of  time. 
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Abstract 

Reliable  up-to-date  topographic  maps  are  essential 
for  the  orderly  development  of  a  nation.  Many 
developing  countries,  including  Kenya,  are  now 
completing  their  national  map  -•'vorage  at  1:50,000, 
1:100,000  or  1:250,000  scale.  ever,  due  to  an 
increased  pace  of  economic  cicvwopmcnt  and  high 
population  pressure  on  the  land  fopogiaphic  maps  are 
rapidly  becoming  out  of  date.  1  litional  updating 
methods  using  ground  surveys  and  aerial  photographs 
are  slow  and  exceedingly  expensive  for  a  country  with 
limited  resources.  Therefore  faster  and  more 
economical  methods  need  to  be  developed.  Landsat 
Thematic  Mapper  (TM)  and  SPOT  panchromatic  (P) 
imagery  are  evaluated  for  information  content  and 
geometric  fidelity  to  aid  in  the  1:50,000  map  revision 
programme.  Preliminary  results  demonstrate  the 
usefulness  of  these  data. 

Keywords:  Kenya,  Landsat,  Map  revision,  SPOT 

Introductioa 

Map  revision  is  a  major  task  of  mapping 
organizations  (Datta,1980;  Thompson,  1980;  Usery  et 
al.,  1984;  van  Zuylen,  1980).  In  developing  countries, 
basic  mapping  has  been  undertaken  over  a  long  period 
of  time  with  the  assistance  of  foreign  mapping 
agencies.  In  Kenya  the  whole  country  is  covered  at 
1:250,000  scale  and  two  thirds  at  1:50,000.  The 
remainder  of  the  area  being  arid  and  sparsely 
populated  is  mapped  at  1:100,000.  The  Directorate  of 
Overseas  Surveys  (DOS)  of  Great  Britain  was  the  main 
agency  which  helped  Kenya  to  accomplish  this 
mapping. 

The  maintenance  of  topographic  maps,  which  is  a 
continuous  task,  is  not  considered  aid  worthy.  It  is, 
therefore,  the  responsibility  of  the  local  mapping 
agency  to  keep  the  map  series  in  a  healthy  state  using 
funds  from  its  own  meagre  recurrent  budget.  Such 
agencies  need  to  develop  revision  capabilities  which 
can  be  supported  with  limited  resources  and  at  the 
same  time  permit  the  regular  updating  of  maps.  This 
calls  for  methods  which  are  simple  and  cost  effective. 


An  efficient  revision  programme  requires: 

•  A  logical  and  systematic  approach  to  determine 
which  maps  are  revised  and  when. 

•  Cost  effective  data  acquisition. 

•  Simple  instrumentation  (  Thompson  and  Crane 
1986). 

The  establishment  of  an  "intelligence"  gathering 
centre  is  also  important.  A  lot  of  information  on 
changes  in  the  landscape  is  held  by  various 
government  departments.  This  information,  if  used 
efficiently,  can  guide  the  map-updating  programme, 
avoiding  the  unnecessary  flying  of  certain  areas  where 
information  is  already  available  or  in  which  no 
significant  changes  have  occurred.  Data  acquisition 
for  mapping  new  detail  is  the  most  expensive 
component  in  the  revision  exercise.  Conventional 
ground  surveys  and  the  acquisition  of  aerial 
photographs  are  exceedingly  expensive.  Hence  the 
need  for  newer  less  costly  sources  of  information. 
High  resolution  satellite  data  is  now  available  with  the 
operation  of  the  SPOT  1  and  Landsat-5  satellites.  The 
suitability  of  such  data  for  topographic  mapping  has 
already  attracted  researchers.  In  this  study  SPOT  P 
and  Landsat  TM  are  evaluated  for  map  updating  at 
1:50,000  scale  in  Kenya. 

Methodology 

The  study  area  is  a  30  km  x  30  km  region  centred 
near  Nakuru  in  the  central  Rift  Valley  of  Kenya.  This 
area  has  a  wide  range  of  cultural  and  natural 
features.  Topography  is  varied,  most  areas  are  of  low 
relief,  but  some  rugged  areas  are  found  both  within 
and  along  the  edge  of  the  Rift  Valley. 

Landsat-5  Thematic  Mapper  (TM)  digital  data  and 
SPOT  P  digital  data  (Level  lb),  imaged  in  July  1984  and 
March  1986  respectively,  were  acquired.  A  1:50,000 

scale  map  of  the  area,  published  in  1975  but  based  on 
1969  aerial  photographs,  was  available.  A  Dipix 
ARIES  III  image  analysis  system  was  used  to 
enhance,  geometrically  correct  and  register  the  date  to 
the  UTM  grid.  Image  enhancement  was  used  to 
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improve  the  interpretability  of  detail.  The  system- 
corrected  histograms  were  linear  stretched  to  cover  the 
full  brightness  range.  The  maximum  and  minimum 
values  were  assigned  to  the  mean  brightness  value  +/- 
3  standard  deviations.  Visually,  this  appeared  to  give  a 
better  result  than  a  simple  linear  stretch. 

The  simplest  method  to  rectify  satellite  data  is  to 
apply  polynomials  to  calculate  the  parameters  of  a  two- 
dimensional  geometric  transformation  using  ground 
control  points  (GCPs)  and  then  to  resample  the  image 
to  match  the  desired  map  projection  (Dowman,  1987; 
Welch  et  al.,  1985).  The  rectification  involved  matching 
GCPs  in  the  image  to  the  1:50,000  map.  A  least- 
squares  solution  was  used  to  evaluate  the  polynomial 
coefficients.  Identification  of  the  UTM  coordinates  of 
GCPs  in  the  map  was  done  with  a  digitizer.  For  the 
images,  line  and  pixel  values  were  identified  on  the 
ARIES  display  system.  About  60  potential  GCPs  were 
located  on  the  map.  However,  only  22  and  20  points 
were  found  to  be  reliable  for  TM  and  SPOT, 
respectively.  This  was  because  the  points  were  either 
poorly  defined  in  the  images  or  changes  in  the 
positions  of  natural  features  (e.g.,  rivers)  caused 
unacceptable  errors  at  these  points.  Of  the  reliable 
points,  10  were  used  for  the  transformation  (control 
points),  the  balance  being  used  to  check  the  accuracy  of 
the  rectified  image  (check  points). 

Data  were  then  processed  on  the  FIRE-240  colour 
film  recorder  to  obtain  positive  transparencies.  For  the 
Landsat  TM  image,  Bands  2,  3,  and  4  were  used  to 
create  a  false-colour  transparency.  Hard  copies  at 
1:50,000  were  produced  and  features  were  directly 
mapped  on  overlays.  The  geometric  accuracy  and  the 
information  content  for  the  1:50,000  scale  mapping 
were  then  analyzed.  This  was  done  by  comparing  the 
information  on  the  overlays  with  the  existing  1:50,000 
scale  map. 

Results  and  Discussion 

The  rectification  was  performed  with  first-, 
second-  and  third-order  polynomials.  Ten  control 


For  SPOT  P,  first-order  polynomials  gave  rms 
errors  of  7.3  m  in  the  x-direction  and  18.9  m  in  the  y- 
direction.  This  suggests  that  the  error  in  the  y- 
direction  is  non-linear  and  hence  cannot  be  rectified  by 
a  first-order  polynomial.  On  the  other  hand,  the  third- 
order  polynomial  was  not  suitable  because  of  the 
limited  number  of  control  points  available.  Ten  points 
is  the  minimum  number  required  for  third-order 
calculations.  Normally  higher  accuracies  can  be 
obtained  if  more  control  points  than  the  minimum  are 
used.  For  these  reasons,  the  second-order  polynomial 
was  used  in  the  final  rectification  of  both  data  sets. 

The  above  results  are  well  within  the  acceptable 
accuracies  for  1:50,000  scale  mapping.  This  is 
significant  because  some  parts  of  the  study  area  had 
moderate  relief.  This  means  that  such  relief  does  not 
introduce  intolerable  errors.  Therefore,  complex 
procedures  involving  digital  elevation  models  are  not 
necessary  in  the  rectification.  Further,  the  transfer  of 
information  from  the  images  can  be  done  accurately 
with  simple  instruments. 


The  completeness  of  the  main  planimetric  details 
such  as  communication  routes,  drainage  networks 
and  settlements  was  evaluated  to  determine  the 
interpretability  of  the  images.  Table  2  shows  some  of 
the  preliminary  results.  To  evaluate  the  maps,  it  was 

necessary  to  select  areas  of  minimum  change.  Two 
areas,  a  10  km  x  10  km  section  of  rural  land  and  a  6  km 
X  4  km  area  located  within  Nakuru  town  were  chosen. 
To  check  other  features,  the  whole  study  area  was 
used.  Routes  were  classified  into  three  levels:  primary 
roads,  other  roads  and  tracks,  and  railways.  The 
primary  roads  can  be  easily  identified  on  both  the  TM 
and  SPOT  images.  However,  smaller  roads,  such  as 
tracks,  pose  some  difficulties  especially  in  the  TM. 
While  78%  of  these  roads  were  identified  on  the  SPOT 
image  only  55%  appeared  on  the  TM  image.  For  the 
urban  region,  all  primary  roads  and  railways  could  be 
plotted  from  the  SPOT  image. 


Table  1.  Rectification  of  Landsat  TM  and  SPOT  P  Images 


Polynomial 

RMS  (m) 

Order 

Landsat  TM 

SPOTP 

1 

19.1 

20.2 

2 

13.6 

11.6 

3 

24.6 

13.9 

points  were  used  for  both  data  sets.  Table  1  illustrates 
the  root  mean  square  errors  (rms)  in  planimetry  at  10 
and  12  check  points  for  SPOT  P  and  Landsat  TM, 
respectively.  As  can  be  seen,  subpixel  accuracies  were 
obtained  for  Landsat  TM  and  second-order  polynomials 
gave  the  best  results  of  11.6  m  and  13.6  m  for  SPOT  P 
and  Landsat  TM,  respectively. 


Some  rivers  can  be  seen  directly.  However,  the 
locations  of  smaller  tributaries  are  often  recognized  by 
the  presence  of  riverine  woodland.  Where  this 
vegetation  is  lacking,  it  is  difficult  to  identify  the 
location  of  the  river  due  to  a  lack  of  contrast  between 
the  river  bed  and  the  surrounding  land.  The  edge  of 
the  built-up  area  of  Nakuru  town  is  well  defined.  It 
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has  expanded  by  19  %  and  18  %  for  TM  and  SPOT, 
respectively,  over  the  period  of  about  10  years  between 
the  dates  of  the  map  and  the  images.  Airport  runways 
and  sewage  ponds  also  display  sharp  boundaries  and 
are  easily  identified.  Other  features  which  are  clearly 
observed  include  golf  courses,  crop-land,  field 
boundaries,  parks,  quarries,  forests  and  scrub-land. 
Large  buildings  such  as  factories  and  other  areas  with 
dense  buildings  are  visible.  However,  most  of  the 
isolated  buildings  in  the  rural  areas  are  difficult  to 
detect. 


Table  2.  Preliminary  Results  of  Feature  Identification 
from  Landsat  TM  and  SPOT  P 


Feature 

Type 

Topographic 

Map 

%  Identification 
TM  SPOTP 

Primary  road  (rural) 

40.8  km 

100 

Other  roads  and  tracks 

189.0  km 

55 

78 

Primary  roads  (urban) 

123.9  km 

. 

100 

Railway 

6.4  km 

- 

100 

Rivers 

174.4  km 

76 

87 

Built-up  area 

35.6  (km2) 

119 

118 

Airfields 

2 

150 

150 

Sewage  ponds 

1 

200 

200 

The  above  initial  results  and  others  from  different 
parts  of  the  world  indicate  that,  together  with  suitable 
field  work,  most  of  the  important  features  required  in 
map  revision  can  be  obtained  cost-effectively  from 
satellite  data  (Dowman,  1987;  Moore,  1988).  Satellite 
data  could  also  be  used  to  significantly  redur-'  costs  in 
conventional  revision  methods  by  directing  acquisition 
of  photography  to  areas  where  enough  change  has 
occurred  to  warrant  revision  (Gregory  and  Moore, 
1986).  However,  some  questions  need  to  be  raised. 
Should  we  not  reassess  the  specifications  of  our 
topographic  maps  in  order  to  accommodate  newer 
sources  of  data?  Current  specifications  have  been 
established  in  an  ad  hoc  manner  over  the  years  and 
are  mainly  oriented  towards  what  can  be  extracted 
from  aerial  photographs,  rather  than  what  the  map 
user  needs.  By  redefining  the  existing  standards, 
better  use  could  be  made  of  newer  data.  There  are  also 
new  formats  of  cartographic  products  such  as  image 
and  space  maps.  These  products,  although 
cartographicaliy  less  perfect  than  traditional  line 
maps,  contain  most  of  the  recent  information  required 
by  users  and  can  be  obtained  cheaply  and  at  more 
frequent  intervals.  Mapping  organizations,  especially 
those  in  the  developing  countries,  should  therefore 
think  of  ways  to  introduce  less  costly  data  into  their 
mapping  programmes. 


Conclusion 

The  objective  of  this  study,  investigations  of  simple  and 
cost-effective  methods  to  allow  developing  countries 
such  as  Kenya  to  maintain  their  topographic  series,  is 
still  on-going.  Preliminary  results  from  the  analysis  of 
Landsat  TM  and  SPOT  P  data  indicate  that  it  is 
possible  to  plot  most  of  the  important  features.  Even 
with  moderate  relief,  simple  rectification  methods  give 
acceptable  accuracies.  However,  not  all  specified 
1:50,000  map  detail  is  easy  to  detect.  It  is  suggested 
that  we  need  to  reassess  the  specifications  for 
topographic  maps  to  accommodate  newer  sources  of 
information  such  as  satellite  imagery. 
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ABSTRACT;  Mlcro-computer  based  CIS  techniques 
are  proving  to  be  excellent  tools  to  evaluate 
resource  Information  In  Nepal.  Examples  are 
provided  from  a  watershed  study,  where  soil, 
land  use,  topographic  and  hydrological  data 
were  evaluated  with  CIS  to  quantify  the  test 
area  for  agricultural  and  forestry 
suitability  assessments  and  to  determine 
changes  In  land  use,  erosion,  and 
sedimentation  within  the  basin.  Sequential 
aerial  photos  are  proving  to  be  an  essential 
data  source  for  land  use  change  assessment, 
and  the  subdivision  of  the  watershed  Into 
elevatlon/slope/aspect  categories  facilitates 
the  establishment  of  mlcro-cllmatlc  zones. 


Keywords:  CIS,  Watershed,  Land  Resources 


Between  197?  and  1985  an  Integrated  Resource 
Survey  was  carried  out  for  all  of  Nepal  under 
CIDA  sponsorship.  The  landforms,  soils, 
agricultural  and  forestry  land  resources  and 
land  capability  were  mapped  at  the  1:50000 
scale  and  the  data  provided  baseline 
Information  on  the  resources  conditions  In 
Nepal.  Forest  degradation,  erosion  and  soil 
fertility  losses  are  critical  Issues  In 
determining  the  sustainability  of  agriculture 
and  forestry  in  Nepal,  were  population  growth 
is  currently  at  2.8  \  and  where  resource 
conditions  in  the  mountains  are  marginal  at 
the  best  of  times.  The  land  resource  mapping 
project  clearly  pointed  out  that  the  fodder 
situation  is  most  critical,  while  food  and 
fuelwood  problems  are  of  concern  In  selective 
areas  of  the  country. 

To  address  the  rate  of  land  use  change, 
soil  degradation  and  sedimentation,  a 
watershed  project  was  Initiated  in  the  Jhikhu 
Khola  river  basin  to  quantify  processes  using 
a  micro-computer  based  Geographic  Information 
System  (GIS).  Current  and  historic  aerial 
photography  and  ground  observations  were  used 
to  quantify  the  study  area  since  the  use  of 
satellite  imagery  Is  Inappropriate  In  this 

high  relief  environment  due  to  distortion 
problems,  adverse  weather  conditions,  micro 


size  field  parcels  and  the  high  cost  of  such 
Imagery.  The  Jhlhu  Khola  watershed,  located 
In  the  Middle  Mountain  physiographic  region 
of  Nepal  was  chosen  for  this  study  because 
land  use  pressure  is  very  high.  Triple  annual 
crop  rotations  are  widespread  In  the  lower 
portions  of  the  basin  and  the  demand  on  the 
forest  for  fuelwood,  organic  fertilizer  and 
animal  feed  Is  enormous.  Given  the  natural 
instability,  the  friable  bedrock,  steep 
slopes  (Internal  basin  relief  of  1200 
meters),  and  the  concentration  of  rainfall 
over  the  monsoon  season,  soil  erosion  and 
slope  stability  Is  a  very  critical  Issue.  To 
sustain  future  production  In  agriculture  and 
forestry  and  to  prevent  flooding  problems 
downstream  it  is  Imperative  to  carry  out  land 
use  practices  that  conserve  the  f  'ils  and  the 
GIS  technique  can  greatly  .itate  the 
evaluation  of  the  current  'ons  and 
recent  changes. 


The  available  resourc.'  was 
digitized  using  a  micro-compu  GIS 
system  (Terrasoft)  and  a  resoui  lo 
was  produced  which  Included  a  .e, 
forestry,  landforms,  soils  and  c:  .ty. 
Individual  resource  maps  were  con.  .ed  to 
arrive  at  a  spatial  representation  lo  show 
where  in  the  watershed  the  high  capability 
forests  and  agricultural  lands  occur  and  what 
crops,  trees  and  soil  conditions  are  common 
at  such  sites.  The  mlcro-cllmatlc  conditions 
were  determined  by  dividing  the  watershed 
into  four  slope-elevation-aspect  categories 
which  will  later  be  calibrated  with  available 
climatic  data.  The  land  use  change  was 
examined  by  comparing  the  1950  resource  data 
with  the  1982  land  use  inventory  and  with  the 
GlS.  Once  all  resource  Information  Is  entered 
into  the  GIS  system  It  is  now  possible  to 
produce  any  combination  of  resources  In  a 
quantitative  manner.  The  watershed  was 
divided  into  five  sub-basins  and  the  area  for 
each  sub-basin  was  calculated  with  the  GIS 
system.  Each  sub-basin  has  a  unique  land  use 
and  the  stream  flow  and  sediment  transport  Is 
measured  on  a  daily  basis  at  the  mouth  of 
each  sub-catchment.  Two  additional  stations 
are  used  to  obtain  the  integrated  input  of 
the  basin.  The  data  is  then  Incorporated  Into 
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the  GIS  to  determine  a  waterflow  and  sediment 
mass  balance  for  the  basin.  This  will  then 
allow  the  quantification  of  erosion  in 
relation  to  land  use. 

RESULTS ! 

The  GIS  assessment  showed  that  55.5%  of 
the  watershed  is  und' r  agriculture,  24.5% 
under  forestry  and  20%  under  shrub.  Based  on 
the  GIS  land  use  change  map  a  decrease  in 
forest  land  amounting  to  50  %  was  observed 
between  1950  and  1982.  Agricultural  land 
increased  by  22%  and  shrub  by  138  %  over  the 
same  period  of  time.  This  suggests  that 
considerable  forest  degradation  has  ocurred 
over  the  recent  past.  These  findings  are 
significantly  different  from  the  changes 
observed  by  Mahat  et  al.(1986,  1987)  and 
Griffin  et  al.  (1988)  but  their  observations 
are  over  a  smaller  time  increment.  What  is  of 
additional  interest  is  that  the  changes 
appear  to  be  more  dramatic  before  1972  and 
some  improvement  in  area  under  forest  cover 
is  apparent  subsequent  to  the  1972  aerial 
photographs.  This  Indicates  that  it  is 
essential  to  examine  sequential  aerial 
coverage  over  shorter  time  Intervals  in  order 
to  determine  land  use  dynamics.  The  land  use 
Interpretation  of  the  1972  Images  are 
currently  Incorporated  into  the  GIS  system 
and  this  should  give  us  a  more  refined 
picture  of  the  land  use  changes. 

A  more  Important  problem  relates  to  the 
deterioration  of  the  forest  quality  and  this 
is  more  difficult  to  assess  from  aerial 
imagery.  The  decline  in  quality  is  a  result 
of  heavy  grazing  pressure,  collection  of 
animal  fodder  in  the  forest,  the  removal  of 
forest  litter  for  input  into  agricultural, 
and  the  need  for  fuelwood.  The  fodder 
deficiencies  have  been  amply  described  by 
Panday  (1982),  Carson  et  al.  (1986),  and 
Hrabovsz)(y  and  Hlyan  (1987),  and  the 
introduction  of  fodder  trees  is  a  high 
priority.  The  decline  in  forest  quality  is 
known  as  peripheral  degradation  and  is  well 
documented  by  Gilmore  (1988)  and  Monch  and 
Bandyopadhyay  (1986).  The  forest  floors  in 
many  of  the  forests  in  the  watershed  are  very 
deficient  in  organic  matter  due  to  Intensive 
collection  by  the  farmers  for  animal  bedding 
and  organic  fertilizers.  This  is  likely  to 
result  in  a  long  term  decline  in  t^a  forest 
production  capability  and  the  maintenance  of 
a  good  soil  cover  with  organic  matter  is 
imperative  to  prevent  erosion  and  to  maintain 
a  balance  in  nutrient  cycling. 

The  introduction  of  native  fodder  trees 
into  the  forest  and  into  agriculture  would 
reduce  the  fodder  demand  to  some  extent  and 
the  GIS  based  assessment  of  micro-climatic 
conditions  serves  as  an  excellent  example  on 
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quantification  of  appropriate  site  conditions 
for  afforestation. 

The  watershed  was  divided  into  two  elevation 
classes  (<  1200  m  and  >  1200  m  )  to  coincide 
with  natural  boundaries  in  vegetation  zones. 
With  the  GIS  all  slopes  less  than  35%  were 
eliminated  from  the  classification  because 
lower  slopes  are  automatically  put  under 
agricultural  production  as  a  result  of  food 


demand  by  the  growing  population.  Finally, 
the  watershed  was  divided  into  north  and 
south  aspect  exposure  which  reflects 
differences  in  moisture  conditions  and 
intensity  of  rainfall.  With  the  GIS  technique 
the  combination  of  elevation,  aspect,  and 
slope  could  readily  be  displayed  and  the 
summary  information  is  provided  in  table  1. 
The  four  classes  reflect  unique  site 
conditions  which  are  available  for 
afforestation  programs.  The  low  elevation 
south  facing  sites  are  hot  and  dry  while  the 
high  and  north  facing  sites  are  cool  and 
moist.  The  foresters  can  now  select  different 
types  of  fodder  tree  species  which  best  suit 
the  conditions  and  this  should  improve 
survival  rates  after  planting  and  future 
growth.  The  GIS  combination  map  indicates 
where  in  the  watershed  this  combination  of 
conditions  occur  and  native,  nitrogen  fixing 
fodder  tree  seedlings  with  the  appropriate 
tolerance  range  can  then  be  planted  in  the 
appropriate  areas. 

Similarly  the  soil  conditions  can  also  be 
combined  with  the  micro-climatic  site 
conditions  to  further  refine  the 
classification.  This  is  of  particular 
importance  since  the  watershed  contains  a 
large  component  of  red  soils  which  are 
notorious  for  exhibiting  poor  phosphorous  and 
nitrogen  conditions. 

Table  1.  Micro-Climatic  classification  of  the 
watershed  based  on  elevation,  slope,  and 
aspect. 


Elevation 

Area 

%  of 

in  ha 

Watershed 

<  1200 

m 

9155 

65 

% 

>  1200 

m 

4905 

35 

% 

Aspect 

North 

(NW  S 

NE) 

4575 

32 

% 

South 

(SW  S 

SE) 

2906 

21 

% 

Slope 

>  35  % 

9560 

68 

% 

<  35  % 

4500 

32 

% 

Class 

1 

487 

Class 

2 

380 

Class 

3 

534 

Class 

4 

392 

1  =  < 

1200 

m  / 

North  / 

> 

35% 

2  =  > 

1200 

m  / 

North  / 

> 

35% 

3  =  < 

1200 

m  / 

South  / 

> 

35% 

4  =  > 

1200 

m  / 

South  / 

> 

35% 

With  the  GIS  display  maps  it  can  be  shown 
where  the  red  soils  occur  in  relation  to  the 
topo-micro-climatic  categories.  It  is  obvious 
that  the  micro-climatic  subdivision  based  on 
topography,  slope,  and  aspect  alone  is 
insufficient  and  refinements  will  be  made 
once  the  climatic  data  for  the  watershed  has 
been  tabulated. 
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Another  CIS  application  relates  to  the 
hydrometric  stations  at  which  the  waterflow 
and  sediment  output  Is  measured  on  a  dally 
basis  In  five  separate  sub-basins.  The  sub- 
basins  were  digitized  from  the  topographic 
map  and  table  2  provides  a  brief  description 
of  the  areas  Involved  and  the  major  land  uses 
within  the  catchment  areas. 

Table  2:  Distribution  and  land  use  of  five 
sub-basins  which  are  monitored  on  a  dally 
basis. 


Sub- 

■basin 

area 

Dominant  Land  Use 

1 

114 

ha 

Natural  Landslide,  Grazing 

2 

116 

ha 

Agriculture  (1-2  rotations) 

3 

78 

ha 

Forest 

4 

613 

ha 

Mixed  Agrlc.  &  Forest, 

North  Facing 

5 

505 

ha 

Mixed  Agrlc.  &  Forest, 

South  Facing 

With  the  GIS  analysis  it  Is  now  possible  to 
characterize  the  sub-basins  by  determining 
length  of  drainage  channels,  channel  density, 
relief,  slope,  and  dominant  aspect,  percent 
forest  cover,  shrub,  and  percent  of  crops  and 
cropping  systems.  This  can  then  be  related  to 
water  flow  patterns,  and  sediments  loads. 
This  will  provide  a  crude  evaluation  on  how 
much  water  and  sediments  are  produced  In  each 
sub-basin  and  which  land  use  and  site 
conditions  are  most  responsible  for  producing 
high  sediment  loads. 

Using  the  land  use,  soil,  and  capability 
maps  a  number  of  combination  maps  were 
produced  using  the  overlay  or  extraction 
techniques  and  these  prove  to  be  an  excellent 
source  of  Information  to  determine  where  in 
the  watershed  the  most  capable  agricultural 
and  forestry  sites  are  located.  The  search 
program  within  GIS  will  allow  the 
characterization  of  the  bio-physical 
conditions  such  as  slope,  aspect,  elevation 
and  soils  and  this  can  serve  as  a  model  to 
find  all  other  sites  within  the  watershed 
which  have  similar  site  conditions.  This  can 
serve  as  a  suitability  assessment  for 
agriculture  and  forestry  and  the  experience 
from  a  known  site  can  then  be  transferred  to 
sites  with  analogue  conditions.  The  same 
process  can  be  used  In  forestry  where 
afforestation  success  can  be  extended  to 
areas  where  conditions  are  unique  and 
biophysical  conditions  most  appropriate  for  a 
given  set  of  tree  species.  As  shown  In  these 
examples  the  GIS  technique  shows  great 
potential  and  this  micro-computer  based 
technology  will  greatly  facilitate  land 
evaluation  and  resource  management  in  the 
Middle  Hills  of  Nepal. 

CONCLUSIONS;. 

1.  Information  extracted  from  aerial 
photographs  is  becoming  a  major  data  source 
for  GIS  analysis  and  the  use  of  sequential 
photos  Is  of  particular  Interest  since  It 
gives  quantitative  information  on  rates  of 
land  use  change. 

2.  Combining  resource  Information  with  GIS 
greatly  facilitates  land  use  assessments  and 


provides  us  with  a  tool  to  find  potential 
areas  which  are  not  used  optimally.  This  Is 
of  particularly  Interest  In  afforestation 
programs.  Once  the  optimum  site  conditions 
for  tree  species  have  been  identified  It  Is 
relatively  easy  to  search  with  GIS  and  find 
all  site  conditions  In  the  watershed  which 
fit  the  required  conditions. 

3.  Dividing  the  watershed  into  elevation- 
slope-aspect  combination  classes  provides  a 
tool  to  arrive  at  a  crude  mlcro-climatlc 
subdivision  of  the  watershed,  and  these 
divisions  can  then  be  calibrated  using 
available  climatic  data. 

4.  Combining  hydrology,  sediment  data  and 
land  use  on  the  GIS  system  provides  us  with  a 
means  of  determining  hydrological  response  to 
site  conditions  and  land  use  and  this  will 
form  a  basis  to  evaluate  rates  and  causes  of 
erosion. 

5.  The  micro-computer  based  GIS  technology 
Is  most  appropriate  for  assessing  resource 
problems  in  watersheds  In  Nepal  since  the 
technology  is  relatively  cheap,  user 
friendly,  and  produces  output  In  a  format 
that  is  readily  understandable  to  most 
resource  people  and  government  officials. 
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Rapid  Urban  Development  and  population  growth  in  Puerto 
Rico  during  the  past  decades  have  limited  the  availability 
of  land  and  water  resources  for  the  needs  of  the  State. 
Puerto  Rico  is  characterized  by  a  northern  coast  with 
plentiful  rainfall  and  short,  deep  basins,  and  a  southern 
coast  with  limited  rainfall  and  long,  shallow  catchments.  A 
colierent  CIS  for  a  selected  basin  in  Puerto  Rico  will  allow 
the  rapid  estimation  of  runoff  parameters,  determine  the 
connectivity,  and  estimate  crop  water  requirements  from 
land  use  and  land  cover  databases.  A  methodology  will  be 
developed  to  transfer  available  data  from  a  selected  basin 
into  a  PC  readable  form  for  a  water-resources  simulation 
system.  The  data  required  for  water  resources  planning  is 
contained  within  various  maps  or  electronic  databases. 
Those  information  can  then  be  combined  or  manipulated  to 
simulate  different  situations,  yielding  resource 
allocation  plans,  forecasts,  and  future  requirements. 
Pinally,  an  expert  system  will  be  developed  to  guide  t))e 
user  and  to  make  up  a  smart  database  that  will  improve  the 
success  of  the  system  by  supplying  or  pointing  out  missing 
data.  These  will  automate  the  identification  and 
quantification  of  various  basin  resources  like 
precipitation,  land  use,  soil  types  and  others  that  may  be 
deemed  required. 
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ABSTRACT 


BACKGROUND 


The  implementation  of  a  PC-based  environmental 
information  system  within  the  Ministry  of  the 
Environment  and  Renewable  Natural  Resources  of 
Venezuela  was  carried  out  together  with  the 
demonstration  of  application  projects  in 
hydrometeorology,  agrometeorology  and  topographical 
mapping. 

The  main  system  functions  include:  data  capture, 
image  analysis,  spatial  analysis  and  cartographic 
data  output  as  well  as  a  specialized 
hydrometerological  modelling  software.  With  this 
system,  currently  used  techniques  can  be  replicated 
at  higher  levels  of  precision  and  accuracy  and  more 
advanced  techniques  and  models  can  be  more  readily 
tested  using  both  conventional  and  remotely  sensed 
data. 

The  results  obtained  with  the  hydrometeorological 
model  for  a  large  scarcely  gauged  tropical  river 
basin  are  presented  in  this  paper. 


INTRODUCTION 


A  project  was  undertaken  in  cooperation  with  the 
Canadian  International  Development  Agency  (ClOA)  to 
assist  the  Venezuelan  government  in  the  development 
of  an  environmental  information  system  (SICA).  The 
results  of  this  project  will  aid  in  the  establishment 
of  the  terms  of  reference  for  a  full-scale  system  to 
be  developed  for  the  Ministry  of  the  Environment  and 
Renewable  Natural  Resources  (MARNR). 

After  a  thorough  analysis  of  the  needs  of  the 
concerned  Directorate  from  this  Ministry,  the 
architecture  for  a  prototype  PC-based  environmental 
information  system  was  proposed  and  prioritary 
sppl  ICia'tiCMS  Vi'orc  selected  to  denioostrete  the 
capabilities  of  the  system. 

One  of  these  four  applications  projects  consisted  in 
the  application  of  a  distributed  rainfall-runoff 
model  to  a  large  river  basin  in  the  tropical  area  of 
Venezuela,  to  assess  the  possibility  of  estimating 
flows  from  meteorological  data. 


During  the  last  fifteen  years  or  so,  hydrometric 
activities  in  large  areas  of  Venezuela  have  been 
somewhat  neglected.  Meteorological  data,  on  the 
other  hand,  have  been  collected  to  a  reasonaoie 
extent  thereby  making  the  indirect  estimation  of 
flows  the  only  avenue  for  generating  historical  time 
series  of  hydrologic  data  for  the  above-mentioned 
areas.  The  basin  selected  for  the  model  application 
is  that  of  the  Caura  River  which,  because  of  its 
hydroelectric  potential,  has  been  less  neglected  from 
the  viewpoint  of  hydrometric  activities.  The 
location  of  the  basin  is  shown  in  Figure  1. 


MODEL  DESCRIPTION 


The  distributed  rainfall -runoff  model  used  for  this 
application  was  initially  developed  for  the  Ontario 
Ministry  of  Housing  (Solomon  and  Associates,  1974) 
and  later  adapted  to  the  modelling  of  water  quality 
(Solomon  and  Associates,  1976)  and  of  suspended 
sediments  (Gupta  and  Solomon,  1977,  Solomon  and 
Gupta,  1977).  However,  the  model  which  is  the  object 
of  this  paper  refers  only  to  the  estimation  of  flow. 
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The  model  requires  a  square  grid  data  bank  of  the 
river  basin  which  can  be  developed  by  extracting  the 
data  from  the  corresponding  topographic,  land- 
use/land-cover,  soils  and  geological  maps.  !n 
addition  to  the  latter,  inputs  to  the  model  are 
precipitation  and  temperature  data  at  hourly 
intervals  at  all  meteorological  stations  inside  or 
near  the  given  basin  and  flow  data  at  hourly 
intervals  at  all  stations  inside  the  given  river 
basin. 

Precipitation  and  temperature  data  are  required  for 
each  square  of  the  river  basin  and  the  values  for  a 
given  square  at  a  given  time  are  interpolated  using  a 
weighted  average  technique  described  in  more  detail 
in  Solomon  and  Gupta  (1977).  A  water  balance  is 
calculated  for  the  time  interval  considered  in  each 
square.  Evaporation  is  estimated  from  a  formula 
developed  by  Turc  (1959)  and  adapted  for  the  purpose 
of  the  model.  Interception  and  infiltration  are 
estimated  taking  into  account  the  soil,  land- 
use/land-cover  and  geological  characteristics.  After 
soil  saturation,  percolation  and  runoff  are  assumed 
to  occur  in  accordance  with  the  geological  and 
topographical  conditions.  The  runoff  is  then 
concentrated  into  the  channel,  augmented  with 
contribution  from  groundwater  where  appropriate,  and 
routed  using  a  combination  of  the  Muskingum  and 
kinematic  wave  routing  technique  (Solomon  and  Gupta, 
1977). 

The  model  is  normally  calibrated  starting  from  model 
parameters  obtained  in  other  river  basins.  Each 
parameter  is  modified  separately  in  a  model  run  and 
the  modification  continued  in  the  same  direction  if 
improvement  is  achieved,  or  reversed  in  the  contrary 
case.  Only  3  to  4  parameters  are  usually  subjected 
to  the  calibration  process,  although  the  number  of 
model  parameters  is  larger  (9).  The  parameters 
usually  modified  for  calibration  purposes  are  : 

FC:  a  parameter  representing  the  percolation  rate, 
its  increase  reduces  the  runoff  volume  and  vice 
versa; 

CLAG:  the  channel  lag  whose  increase  reduces  the 
routing  velocity  and  increases  the  lag  between  the 
occurrence  of  precipitation  and  of  the  flood  peak 
resulting  from  it; 

GWRFAC:  whose  increase  produces  an  increase  in  the 
amount  of  groundwater  contributed  to  the  channel 
flow;  and 

GULAG:  whose  increase  slows  down  the  subsurface  and 
groundwater  contribution  to  surface  flow  and  may  also 
be  used  In  conjunction  with  GUFRAC  to  fine  tune  the 
regression  curve. 

The  calibration  process  requires  an  initial  priming 
of  the  model  to  establish  initial  surface,  soil  and 
groundwater  storages.  It  is  achieved  by  assuming 
some  arbitrary  storage  values  and  running  the  model 
for  a  period  of  a  few  days  prior  to  tHe  calibration 
period.  Initial  storage  values  that  are  too  high 
would  be  normally  corrected  by  high  releases  from  the 
storage  and  vice  versa. 

The  main  calibration  criterion  is  the  sum  of  the 
squares  of  the  errors,  i.e.  of  the  differences 
between  the  observed  and  the  estimated  values. 
Additional  qualitative  criteria  such  as  the  shape  of 
the  hydrograph,  the  time  and  value  of  peak  flow,  the 
total  runoff  volume  can  also  be  used. 

Validation  in  space  is  obtained  by  comparing  the 
flows  estimated  by  the  model  in  the  squares  of  the 
validation  stations  to  the  observed  values. 


Validation  in  a  neighbouring  basin,  however,  should 
be  preferred  when  affordable  since  it  represents  a 
completely  independent  check  of  the  model  in  the 
given  area. 


RESULTS 


The  data  base  required  to  run  the  model  was  obtained 
by  digitizing  the  corresponding  1:500  000 
topographic,  land-use/land-cover  and  geological  maps 
and  storing  the  requy^ed  information  in  a  square  grid 
matrix  of  5  X  5  km‘.  The  flow  direction  results 
obtained  on  the  basis  of  the  interpretation  of  the 
topographical  information  within  each  grid  square  are 
illustrated  in  Figure  2.  The  absence  of  data  such  as 
soil  field  capacity  and  soil  depth  resulted  in  the 
use  of  uniform  values  for  the  whole  basin  thereby 
introducing  estimation  errors. 

The  model  was  calibrated  using  data  fromat  the 
station  Pie  de  Salto  (drainage  area:  29  980  km"^)  and 
validated  in  space  at  the  staiton  Entrerios  (drainage 
area;  14  830  km‘).  The  calibration  and  validation 
in  space  were  carried  out  for  the  month  of  June  1986, 
and  the  validation  in  time  was  carried  out  for  the 
months  of  July  and  August  1986. 

Since  only  three  meteorological  stations  (Amandina, 
Entrerios  and  Pie  de  Salto)  were  available,  all  of 
them  located  along  the  main  river,  much  of  the 
precipitation  data  is  very  roughly  estimated.  Given 
the  strong  convectional  component  of  the 
precipitation  in  this  region,  the  variation  of  the 
precipitation  is  quite  large  from  one  point  to 
another.  This  is  illustrated  by  the  precipitation 
records  shown  in  Figure  3  for  two  of  the  three 
stations.  Similarly,  only  extreme  daily  values  of 
temperature  are  given  for  those  same  three  stations. 
The  actual  time  of  occurrence  of  the  minimum  and 
maximum  temperature  was  assumed  to  be  02:00  and  14:00 
hrs  respectively,  and  the  variation  in  between  was 
assumed  to  follow  roughly  a  sine  curve.  This  of 
course  introduces  further  errors  in  the  model  inputs 
which  are,  however,  much  less  significant  than  in  the 
case  of  precipitation. 

The  lack  of  data  on  river  flow  from  small  to  large 
rivers  also  imposed  the  use  of  default  values  for  the 
hydromorphological  relationships  necessary  for  the 
application  of  the  model.  These  default  values  were 
obtained  from  previously  tested  basins  in  Canada. 

Considering  all  the  assumptions  and  approximations 
mentioned  above  the  results  of  the  model  application 
in  the  Caura  River  basin  appear  indeed  remarkable. 
The  model  calibration  (Figure  4)  resulted  in  a 
standard  error  of  27,3  %  (after  elimination  of  the 
first  four  days  of  model  priming).  The  model 
validation  in  time,  illustrated  in  Figure  5,  carried 
out  for  62  days  resulted  in  a  standard  error  of 
estimation  28,0%,  well  consistent  with  the 
calibration  results.  Validation  in  space,  shown  in 
Figure  6)  resulted  in  a  standard  error  of  estimation 
of  26,4  %.  This  type  of  performance  has  been 
observed  in  other  areas  of  the  world  where  the  model 
was  applied. 


CONCLUSIONS  AND  RECOMMENDATIONS 


It  may  be  concluded  from  the  above-mentioned  results 
that  the  distributed  rainfall -runoff  model  based  on 
the  square  grid  information  system  can  be  used  as  a 
practical  tool  for  flow  synthesis  in  areas  with 
scarce  hydrometric  networks  but  with  reasonable 


meteorological  networks  (one  meteorological  station 
for  every  few  thousand  square  kilometres). 

Further  work  is  required  to  improve  the  application 
of  the  model  will  be  facilitated  by  SICA  after  its 
final  iraplementaiton,  namely: 

a)  use  of  remotely  sensed  satellite  (particularly 
the  meteorological  ones)  images  to  obtain  a  more 
realistic  estimation  of  the  space  and  time 
variation  of  precipitation  and  temperature; 

b)  use  of  remotely  sensed  data  to  update  the 
vegetation  and  land  use  maps; 

c)  use  of  remotely  sensed  data  and  conventional 
data  to  prepare  soil  maps  providing  data  on 
fileld  capacity,  porosity  and  soil  depth; 

d)  development  of  regional  hydromorphological 
relationships; 

e)  automatic  determination  of  flow  direction  using 
a  digital  terrain  model; 

f)  use  of  stereoscopic  SPOT  images  for  the 
generation  of  medium-scale  (1:50  000) 
topographical  maps  for  smaller  basins  lacking 
such  data. 

Work  carried  out  in  other  similar  tropical  regions 
(Shawinigan  and  Solomon,  1983)  indicates  that  more 
conventional  models  to  estimate  daily  flows  with 
errors  of  the  order  of  20  to  30%  require  a  much 
denser  hydrometric  network  (at  least  one  station  for 
every  2  000  km*^).  This  translates  itself  for  the 
basin  under  consideration  in  a  requirement  of  at 
least  20  new  stations).  The  cost  of  operation,  in 
this  area,  of  one  hydrometric  station  is  at  least 
20  000  $US/year  and  a  network  has  to  be  operated  for 
at  least  5  years  before  meaningful  results  can  be 
obtained.  It  can  therefore  be  safely  estimated  that 
the  application  of  the  distributed  rainfall -runoff 
model  could  result  in  savings  of  2  H  $US  in  the  case 
of  the  Caura  River  basin.  The  savings  that  may 
result  from  the  extension  of  the  application  of  the 
model  to  the  whole  tropical  area  of  Venezuela  can  be 
estimated  at  about  30  M  $US. 

This  should  not  be  construed  as  an  exhortation  to 
reduce  the  operation  of  hydrometnc  networks.  Higher 
accuracies  than  those  obtainable  by  means  of  the  most 
sophisticated  rainfall -runoff  models  are  needed  in 
many  areas,  and  direct  measurements  are  irreplaceable 
in  all  such  cases.  This  is  merely  an  appeal  to  the 
rational  use  of  limited  available  funds  for  operating 
information  systems  on  environmental  variables  in  a 
coordinated  manner,  with  the  rational  and  timely 
transfer  of  information  between  related  fields.  This 
is  of  particular  importance  when  time  is  an  essential 
factor  and  data  of  lesser  accuracy  are  acceptable  for 
planning  and  pre-feasibility  investigations. 
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FIGURE  2.  Flow  direction  calculated  for  each  grid 
square. 
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Station:  Pie  de  Salto 
Duration;  86-06-01  to  86-06-30 


STORM  PERIOO  (HOUR) 


station:  Entrerios 
Duration:  86-06-01  to  86-06-30 

FIGURE  3.  Hourly  precipitation  records 


STORM  PERIOD  (DAY) 


Station:  Pie  de  Salto 
Duration:  86-06-01  to -86-06-30 


Station:  Pie  de  Salto 
Duration:  86-06-01  to  86-08-31 


FIGURE  5.  Model  validation  in  time 


Station;  Entrerios 
Duration:  86-06-01  to  86-06-30 


FIGURE  6.  Model  validation  in  space 


FIGURE  4.  Model  calibration 
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ABSTRACT 

The  development  of  remote  sensing  applications  in 
Thai  agencies  involved  In  natural  resources 
management  Is  currently  being  supported  by  the 
Canadian  International  Development  Agency  through  a 
technology  transfer  program. 

The  first  phase  of  the  project  consisted  of  basic 
training  and  demonstration  projects  In  which  remote 
sensing  technology  was  applied  to  offer  suitable 
(alternative)  solutions  to  the  production  of  maps 
using  conventional  methods.  The  second  phase 
involved  the  use  of  satellite-derived  Information  In 
combination  with  conventional  data  for  the  management 
of  natural  resources.  The  aim  of  this  second  phase 
was  to  generate  integrated  land  and  resource 
management  alternatives. 

A  micro-based  computer  system  (SPANS)  was  used  to 
build  the  data  base  and  perform  data  modelling. 
Information  on  phenomena  of  a  dynamic  nature  such  as 
land  use  change,  derived  from  satellite  imagery,  as 
well  as  Information  on  phenomena  of  a  more  static 
nature  such  as  geology  and  topography  was  integrated 
In  the  data  base  using  computer  Interfaces  and 
digitizing  procedures.  The  crop  suitability 
evaluation  is  the  field  of  application  to  be 
presented.  The  study  area  selected  to  carry  out  this 
project  corresponds  to  a  rectangle  astride  the  Chiang 
Mai  basin  In  northwestern  Thailand. 

The  application  chosen  served  to  demonstrate.  In  a 
Thai  context,  the  potential  of  remote  sensing  and  GIS 
technology  In  Improving  the  management  of  natural 
resources.  This  model  could  be  further  apllied  to 
the  whole  country. 


INTRODUCTION 

The  realization  of  a  pilot  project  relating  to  the 
development  of  a  resource  Information  management 
system  (RIMS)  in  northern  Thailand  is  part  of  3  large 
training  and  transfer  of  technology  program  In  the 
field  of  remote  sensing,  supported  for  the  last  three 
years  by  the  Canadian  International  Development 
Agency  (Rochon  et  a1.,  198B). 

During  phase  I,  23  representatives  from  various  Thai 
ministries,  including  the  National  Research  Council 
of  Thailand,  have  been  involved  In  data  gathering  and 
transfer,  cartography  from  satellite  image,  and  the 


preparation  of  geo-referenced  data  for  the  management 
of  the  country's  natural  resources  and  land 
development. 

The  second  phase  was  concerned  with  the  realization 
of  various  demonstration  projects  In  agriculture, 
forestry,  topography,  water  and  land  resources,  all 
sectors  in  which  remote  sensing  technology  offers  a 
promising  alternative  to  conventional  mapping 
methods.  This  phase  was  concluded  by  the 
Installation  of  a  natural  resources  management 
information  system. 

The  objective  of  this  last  demonstration  project  was 
to  provide  concise  Information  that  would  help 
decision-makers  assess  the  present  state  of  natural 
resources  and  thus  Improve  the  management  process. 
The  Integrated  management  of  resources  has  been  the 
guiding  principle  to  the  setting  up  of  a  biophysical 
data  base  made  up  of  existing  maps,  record  data,  and 
most  of  all  data  obtained  from  satellite  imagery 
taken  during  phase  I.  A  resource  management 
Information  system  in  a  data  processing  environment 
proved  to  be  an  excellent  tool  for  coordination 
between  specialists  In  charge  of  satellite  data  and 
decision-makers  responsible  for  broad  policies 
relating  to  the  management  of  national  resources. 


METHODOLDGY 

Chiang  Mai  in  northern  Thailand  was  the  site  selected 
for  the  RIMS  project  (figure  1).  It  Is  85  km  wide 
across  the  Chiang  Hal  valley  and  extends  50  km  south 
from  the  town  of  Chiang  Hal.  It  Is  a  flat  valley 
surrounded  by  high  mountains  degraded  by 
deforestation.  Among  those  the  2  590  m  high  Mount 
Dol  Ithanon  Is  the  highest  mountain  In  Thailand. 

Some  maps  drawn  on  a  scale  ranging  from  1:50  000  to 
1:250  000,  were  Integrated  into  the  data  base.  They 
included  the  geology  and  geomorphology  maps;  the 
topography  map;  the  drainage  and  water  system  map; 
district  and  road  maps  and  temperature  and  rain  data 
taken  by  local  meteorological  stations. 

Maps  obtained  during  Phase  I  of  the  project  completed 
the  preliminary  data  set.  They  comprised  a  forestry 
map  generated  through  the  automatic  classification  of 
LANDSAT  HSS  Imagery,  land  cover  and  land  use  maps 
drawn  up  from  a  SPOT  multiband  imagery. 

The  above  data  were  Integrated  into  the  digital  data 
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base  by  means  of  various  interfaces  as  shown  on 
figure  2.  The  SPANS  spatial  analysis  system  was  used 
for  data  modelling  and  analysis.  Most  of  the 
e)<isting  maps  were  digitized  by  means  of  a  digitizing 
table.  Digital  maps  derived  from  satellite  imagery 
and  the  digital  terrain  model  obtained  from  the 
digitization  of  contour  lines,  were  transferred 
through  electronic  links  and  commonly  geo-referenced 
into  the  SPANS  data  base. 

Many  fields  of  applications  were  examined  for  the 
project.  The  example  presented  herein  refers  to  a 
land  evaluation  application  by  the  production  of  maps 
establishing  the  potential  for  agriculture  involving 
more  than  20  differents  crops. 


LAND  EVALUATION  APPLICATION 

The  main  goal  of  this  application  was  to  establish 
the  land  suitability  ratings  for  rainfed  agriculture. 
Many  crops  similar  to  those  growing  in  the  area  were 
studied.  Other  crops,  such  as  coffee  and  tea,  that 
could  cope  with  the  environmental  conditions  found  in 
the  area  studied,  were  evaluated  for  further 
alternatives  to  actual  land  use  or  agricultural 
practices,  especially  where  shifting  cultivation  is 
common  practice. 

The  land  evaluation  methodology  is  based  on  the  one 
adopted  by  the  food  and  Agriculture  Organization  of 
the  United  Nations  (FAO,  1988).  This  methodology, 
recognized  and  used  by  almost  all  nations,  provides 
guidelines  for  this  type  of  task.  In  Thailand,  this 
approach  has  been  successfully  tested  over  many  years 
and  adapted  to  fit  specific  environments  throughout 
the  country. 

A  major  output  of  this  land  evaluation  is  a  map 
representing  the  suitability  classes  for  specific 
crops  according  to  the  land  qualities  or  potential  of 
the  study  area.  Information  for  such  a  task  can  be 
easily  obtained  from  the  Resource  Information 
Management  System  data  base  since  the  primary  data 
are  already  entered.  The  computer  makes  over-lay 
combinations  less  time-consuming  and  more  flexible  as 
parameters  and  weighting  factors  can  be  changed  and 
tested  before  the  final  map  production. 


STEP  BY  STEP  PROCEDURE 

Figure  3  shows  the  most  important  stages  followed  to 
establish  the  suitability  ratings  and  the  inputs 
required  in  the  preparation  of  resource  management 
plans. 

The  first  step  was  to  determine  the  land  qualities 
considered  for  the  purpose  of  the  evaluation.  They 
represent  criteria  for  the  analysis  of  each  land 
unit.  Figure  4  shows  a  list  of  the  land  qualities 
that  were  taken  into  account,  the  diagnostic  factors 
or  land  characteristics  that  have  been  used  for  their 
measurement,  the  measuring  units  and  the  value 
differences  observed  in  the  study  area  as  well  as  the 
cartographic  data  source. 

Once  the  land  qualities  had  been  determined,  crop 
requirements  for  each  type  of  crop  were  compiled. 
The  crops  listed  in  the  following  table  were 
analyzed: 


cocoa 

cotton 

ground  nut 

vegetable 

palm  tree 

sugar  cane 

flooded  rice 

pineapple 

coconut 

cashew  nut 

tea 

banana 

pepper 

soya  bean 

coffee 

maize 

pasture 

sweet  potato 

TABLE  1  :  CROPS  RETAINED  FOR  THE  LAND  EVALUATION 


Data  were  compiled  for  each  land  characteristic  by 
establishing  a  value  difference  corresponding  to  four 
suitability  classes  described  in  the  next  table. 
Figure  5  shows  the  crop  requirement  values  for  tea. 


51  :  high 

52  :  medium 

53  :  low 

N  ;  unsuitable 


TABLE  2  :  CROP  SUITABILITY  CLASSES 

While  crop  requirement  was  established,  a  data  base 
was  developed  and  a  land  unit  map  with  a 
corresponding  value  for  each  land  characteristic  was 
produced.  The  next  step  consisted  in  matching  each 
crop  requirement  and  land  unit  characteristic  of  the 
study  area  so  as  to  establish  the  crop  suitability 
map  (high,  medium,  low  and  unsuitable),  for  a 
specific  crop.  Figure  6  shows  the  procedure  followed 
to  generate  such  a  map. 

A  comparison  between  the  crop  suitability  map  and  the 
present  land  use,  helped  to  identify  areas  that  can 
be  developed  for  other  purposes  or  cultivated  in  a 
different  way.  Figures  7  and  8  respectively  show  a 
typical  land  unit  map  and  the  map  of  land  suitability 
for  the  tea  crop. 


RESULTS  AND  DISCUSSIONS 

This  pilot  project  has  served  to  establish  a 
comprehensive  remote  sensing  data  base  for  an  area  of 
more  than  4  250  km^.  The  application  chosen,  the  crop 
suitability  evaluation  of  land,  served  to  demonstrate 
the  advantage  of  applying  the  integrated  approach  of 
RIMS  to  the  development  and  management  of  land 
resources. 

RIMS  is  a  very  convenient  technology  for 
environmental  specialists  who  have  a  huge  volume  of 
data  to  process.  They  can  thus  provide  a  more 
pertinent  and  clearer  information  to  decision-makers. 
The  manager,  responsible  for  the  region  in  the  above 
example,  has  all  the  necessary  information  to 
evaluate  the  differences  between  the  present  and  the 
optimal  land  use.  This  type  of  information  is  often 
hard  to  obtain  when  the  data  base  processing 
technology  is  inadequate. 


CONCLUSION 

Specialists  trained  through  the  technology  transfer 
program  have  been  able,  during  this  demonstration 
project,  to  integrate  into  the  same  data  base  many  of 
their  maps  produced  using  satellite  imagery  and  to 
take  part  in  a  multidisciplinary  analysis  for  the 
development  of  natural  resources  in  the  study  area. 
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Moreover  it  has  been  demonstrated  that  RIMS  can 
combine  conventional  data  with  remote  sensing  data  to 
produce  relevant  information  that  is  very  important 
to  decision-makers. 

We  will  never  emphasize  enough  the  strong  synergy 
between  remote  sensing  and  RIMS  technologies.  It 
particularly  worths  when  applicable  in  part  of  the 
world  where  urgent  environmental  actions  are  to  be 
considered  with  minimum  financial  resources. 
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FIGURE  I  :  FlOW  CKMI  Of  THE  0»I»  t*SE  CONIEHIS  ANO  IHE  OAIA  iriPUI 
PROCEDURE 


FIGURE  ]  ;  HEIHOCOlOGT  OF  THE  lANO  SUlIABIltly  tVAlUATION  FOR  CROP 
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fieURt  6  :  now  CHARI  Of  IHt  lAJiO  SUITABILIlt  HAP  CfNERATIOH 


FIGURE  7  :  LAND  UNIT  HAP  COMBINING  SOILS, 

GEOHORPHOLOGY  AND  GEOLOGY 


FIGURE  8 


LAND  SUITABILITY  HAP  FOR  TEA 
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ABSTRACT 

In  order  lo  improve  ils  capability  lo  provide  ice  information  to  the  Canadian  Coast  Guard  (CCG)  and  to 
fuinil  other  icc-rclatcd  requirements  within  its  mandate,  the  Atmospheric  Environment  Service  (AES) 
of  the  Canadian  Government  has  awarded  a  contract  for  the  development  and  operation  of  a  new  SAR- 
based,  airborne  reconnaissance  system  to  INTERA  Technologies  Ltd.  This  paper  will  desenbe  the 
performance  specifications  and  operational  profile  of  the  system,  which  has  been  under  development 
since  mid- 1987  and  is  scheduled  to  be  operational  by  July- 1989. 

Data  acquisition  is  based  upon  dual  side-looking  X-band,  digital,  real-time,  multi-look  SAR's  carried 
aboard  an  executive  jet  aircrafL  In  its  widc-swath  mode  (100  km  per  side),  it  is  capable  of  imaging 
more  than  600,000  km^  per  mission  from  altitudes  typically  above  1 1  km. 

Data  delivery  requirements  necessitate  three  modes  of  on-board  data  processing,  which  are  accomplished 
in  a  custom-design  Data  Management  Unit. 

In  the  ftrst  mode,  data  arc  transmitted  to  CCG  vessels  at  full  resolution  in  ncar-rcal  time  over  an  S- 
band  data-link  where  they  arc  received,  displayed,  manipulated  and  stored  on  an  image  analysis  system 
referred  to  as  STAR  VUE.  Among  other  features,  the  imagery  can  be  approximately  geo-referenced 
using  transmitted  navigation  data  and  through  splitscreen  display,  can  be  presenter'  as  an  overview  plus 
local  enlargement.  In  this  mode,  the  imagery  will  be  used  in  direct  tactical  supp.  f  ten  CCG  vessel 
and  three  CCG  offices. 

The  second  delivery  mode  involves  compression  of  the  dau  prior  to  downlink  to  At  ^round  stations 
which  ic-transmit  the  data  via  ANIK  satellite  to  the  AES  Ice  Centre  in  Ottawa.  The  data  are  received, 
decompressed  and  quality  controlled  at  this  point  prior  to  being  handed  over  to  the  Ice  Centre  computer 
for  subsequent  analysis. 

Tlic  third  mode  requires  that  the  data  be  archived,  on  disk  initially,  and  subsequently  on  high  volume 
ta|x:  media.  This  raw  data  will  ultimately  serve  the  archival  requirements  of  Ice  Centre. 

The  system  has  a  minimum  data  acquisition  requirement  of  70  x  10®  km^/year  over  the  six  year  life  of 
the  contracL  In  fact,  this  represents  less  than  50%  of  its  design  capacity.  In  response  to  A^  needs, 
the  aircraft  will  be  based  in  vpying  locations  in  the  Arctic  and  East  Coast,  but  due  to  its  speed  and 
range,  it  will  be  capable  of  missions  far  removed  from  the  operational  bases. 
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INTERNATIONAL  ICE  PATROL 

SIDE-LOOKING  AIRBORNE  RADAR  (SLAR)  EXPERIMENT  1988 
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U.  S.  Coast  Guard 
Avery  Point 
Groton,  CT  06340 


Abstract 

During  the  period  7  through  16  June  1988,  the  Inter¬ 
national  Ice  Patrol  conducted  an  evaluation  of  the  AN/APS- 
131  Side-Looking  Airborne  Radar  (SLAR).  This  SLAR, 
installed  as  part  of  the  multi-sensor  surveillance  AIREYE 
system  onboard  the  U.  S.  Coast  Guard  HU-25B  medium 
endurance  aircraft,  was  evaluated  for  its  ability  to  detect 
icebergs.  The  data  collection  occurred  in  an  iceberg  infested 
area  off  the  coast  of  Newfoundland,  Canada. 

The  fundamental  goal  of  this  research  was  to  provide 
guidance  on  the  ability  of  the  AIREYE-equipped  HU-25B  to 
perform  the  iceberg  detection  mission  of  the  International  Ice 
Patrol.  Specifically,  there  were  two  objectives: 

1 .  Determine  the  optimum  altitude  for  iceberg  recon¬ 
naissance,  and  predict  the  probability  of  detection  as  a 
function  of  sea  state,  lateral  range,  and  iceberg  size. 

2.  Compare  the  iceberg  detection  capability  of  the 
AN/APS-131  SLAR  with  the  AN/APS-135  SLAR  currently 
used  on  the  International  Ice  Patrol's  HC-130  long  range 
reconnaissance  aircraft. 

Ground  truth  (i.e.  iceberg  dimensions  and  positions, 
and  environmental  conditions)  were  collected  by  the  U.  S. 
Coast  Guard  icebreaker  NORTHWIND  (WAGB  282).  The 
HU-25  and  HC-130  aircraft  flew  a  box  pattern  around  the 
iceberg  search  area.  Several  different  altitudes  were  used. 

The  Ice  Branch  of  the  Atmospheric  Environment 
Service  of  Canada  also  had  two  of  its  SLAR-equipped  ice 
reconnaissance  aircraft  (an  Electra  and  a  Dash-7)  participate 
in  the  experiment. 

Results  indicate  the  AN/APS-l  3i ,  while  not  having 
the  azimuth  resolution  of  the  AN/APS-135,  is  capable  of 
performing  the  iceberg  reconnaissance  mission.  These 
preliminary  results  indicate  an  altitude  of  4000  to  6000  feet  is 
best  for  the  AN/APS-131  for  this  mission. 

Current  plans  for  the  1989  iceberg  season  are  for  the 
HU-25B  to  compliment  the  HC-130H  reconnaissance  air¬ 


craft.  Due  to  its  limited  endurance,  the  HU-25B  aircraft  will 
not  be  able  to  replace  the  longer-range  HC-130.  However, 
during  certain  times  of  the  vear  and  in  certain  light  ice  years, 
the  HLI-25B  should  be  able  to  conduct  the  International  Ice 
Patrol  mission. 

Key  Words 

Aerial  Ice  Reconnaissance 
Iceberg 

International  Ice  Patrol 
Side-Looking  Airborne  Radar 
SUR 

Introduction 

After  the  sinking  of  the  RMS  TITANIC  on  April  15, 
1912,  an  International  Ice  Patrol  Service  was  created  to 
monitor  the  presence  of  icebergs  near  the  Grand  Banks  of 
Newfoundland,  and  to  warn  mariners  of  these  hazards.  The 
International  Ice  Patrol  (IIP),  a  unit  of  the  U.  S.  Coast  Guard, 
has  provided  this  service  since  its  initiation  in  1914.  From 
1914  to  1945,  IIP  used  visual  reconnaissance  from  ships  to 
monitor  the  icebergs.  After  World  War  II,  and  up  to  1983,  IIP 
used  aircraft  visual  reconnaissance  as  its  primary  method  of 
iceberg  detection.  Since  1 983,  IIP  has  utilized  a  Motorola 
AN/APS-135  Side-Looking  Airborne  Radar  (SLAR)  onboard 
HC-1 30H  Hercules  long-range  aircraft  as  its  primary  method 
of  iceberg  reconnaissance. 

In  1983,  the  U.  S.  Coast  Guard  installed  the  Motorola 
AN/APS-131  SLAR  as  part  of  the  airborne  multi-sensor 
surveillance  AIREYE  system  on  its  HU-25B  Falcon  medium- 
range  aircraft.  The  AN/APS-1 31  SLAR  is  very  similar  to  the 
AN/APS-135  SLAR  on  the  HC-130,  except  that  the  antenna 
length  of  the  APS-1 31  is  half  that  of  the  APS-135.  This 
results  in  the  APS-1 31  having  a  lower  azimuth  resolution 
than  the  APS-135.  Although  the  iceberg  detection  ability  of 
the  APS-1 35  SLAR  has  been  previously  evaluated,  no 
evaluation  of  the  iceberg  detection  ability  of  the  APS-1 31 
SLAR  has  been  made. 

This  report  presents  the  results  of  an  evaluation  of  the 
AN/APS-131  SLAR  to  detect  icebergs.  This  evaluation  was 
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conducted  by  IIP  from  7  to  16  June  1988  in  the  North  Atlan¬ 
tic  Ocean  off  Newfoundland,  Canada.  The  fundamental  goal 
of  this  research  was  to  provide  guidance  on  the  ability  of  the 
AIREYE-equipped  HU-25B  to  perform  the  iceberg  detection 
mission  of  the  International  Ice  Patrol.  Specifically,  there 
were  two  objectives: 

1 .  Determine  the  best  altitude  for  iceberg  searches, 
and  predict  the  probability  of  iceberg  detection  as  a  function 
of  sea  state,  lateral  range,  and  iceberg  size. 

2.  Compare  the  iceberg  detection  capability  of  the 
APS-131  SLAR  with  the  APS-135  SLAR. 

This  report  will  also  compare  the  results  of  this  evaluation 
with  the  results  of  two  previous  SLAR  iceberg  detection 
evaluations. 

Background 

Previous  SLAR  Studies 

Two  previous  SLAR  studies  have  been  conducted  to 
evaluate  the  ability  of  the  AN/APS-1 35  SLAR  to  detect 
icebergs.  During  April  1984,  BERGSEARCH  '84  was  con¬ 
ducted  to  evaluate  the  ability  of  three  SLARs  and  two  Syn¬ 
thetic  Aperture  Radars  (SAR)  to  detect  small  icebergs  and 
growlers.  The  MA/  POLARIS  provided  surface  truth  data. 
Results  of  the  data  analysis  reported  in  Rossiteret  al  (1985) 
show  greater  detectability  is  obtained  with  lower  sea  states, 
at  lower  altitudes  within  the  operating  envelope  of  each 
system,  and  when  viewing  targets  across  rather  than  up  or 
down  wind  and  sea.  BERGSEARCH  '84  data  also  demon¬ 
strated  that  ships  and  iceberg  targets  generally  do  not  have 
different  SLAR  signatures. 

The  1985  SLAR  Detection  Experiment  was  designed 
to  determine  SLAR's  ability  to  detect  various  search  and 
rescue  and  iceberg  targets  at  all  ranges  out  to  50  km.  The 
iceberg  detection  results  reported  in  Robe  et  al  (1985)  indi¬ 
cate  medium  icebergs  are  detectable  nearly  100%  of  the 
time  In  up  to  2  m  seas,  small  icebergs  are  easier  to  detect  at 
lower  altitudes  and  with  a  smaller  swath  width,  and  growlers 
are  detectable  more  than  90%  of  the  time  in  seas  less  than  1 
m.  Also,  both  growlers  and  small  icebergs  in  seas  less  than 
1  m  appear  to  be  just  as  detectable  at  lateral  ranges  be¬ 
tween  25km  and  50  km  as  they  are  at  ranges  less  than  25 
km.  Finally,  they  noted  similar  iceberg  detection  perform¬ 
ance  of  the  AN/APS-1 35  SLAR  in  this  experiment  and  in 
BERGSEARCH  '84. 

Description  of  Aircraft 

The  HC-130H  is  a  lonq-range  four  engine  turboprop 
reconnaissance  aircraft,  whereas  the  HU-25B  is  a  medium- 
range  twin  engine  fan  jet  aircraft.  CG-1503  from  Coast 
Guard  Air  Station  Elizabeth  City,  North  Carolina,  was  the 
HC-130H  aircraft  in  the  experiment,  and  CG-2103  from 
Coast  Guard  Air  Station  Cape  Cod,  Massachusetts,  was  the 
HU-25B. 


Description  of  AN/APS-1 35  and  AN/APS-1 31  SLAR 

Significant  system  parameters  of  each  SLAR  are 
presented  in  Table  1 .  The  major  difference  between  the  two 
systems  is  the  antenna  length  of  each.  The  APS-135  has  a 
4.8  m  long  antenna,  while  the  APS-131’s  antenna  is  2.4  m 
long.  This  results  in  the  APS-131  having  a  lower  azimuth 
resolution  than  the  APS-135. 


Tab)*  1.  SLAR  Op«[atlng  Paramalars. 


Aircraft 

HC.130H 

HU-25B 

SLAR  (Real  Aperture) 

Motorola 

Motorola 

AN/APS.135 

AN/APS.131 

FrequeiK/ 

X-Band  (9250  MHz) 

X-Band  (9250  MHz) 

Peak  Power 

200  Kw 

200  Kw 

Pulse  Width 

Antertna  Characteristics 

0.2x10^  sec 

0.2x10^  sec 

Ler^gth 

4.6  m 

2.4  m 

Polarization 

vv 

vv 

Elevation  Coverage 

-1.5  to  .45  deg 

-1.5  to -45  dag 

Depression  Angle 

1.5  deg 

1.5  deg 

Aaimuth  Resolution 

0.47  deg 

O.Sdeg 

Range  Resolution 

30  m 

30  m 

Receiver  Bandwidth 

6  MHz 

6  MHz 

Swath  Wdths 

25.50,100,150  km 

25.50.100,150  km 

Look  Direction 

L&R 

L&R 

DataFormat 

Negative  Film 

Negative  Film 

VHS  video  tape 

Description  of  Targets 

The  USCGC  NORTHWIND  was  the  only  surface 
vessel  used  as  a  SLAR  target  during  the  evaluation.  The 
NORHTWIND  is  a  U.S.  Coast  Guard  wind-class  icebreaker, 
and  is  82  m  long  and  19  m  wide. 

IIP  classifies  icebergs  into  five  size  categories: 
growler,  small,  medium,  large,  and  very  large.  Table  2  lists 
HP's  length  and  height  parameters  for  each  size  category.  A 
total  of  44  icebergs  were  used  as  targets  during  the  evalu¬ 
ation.  No  growlers  were  used.  13  of  the  iceberg  targets 
were  small  icebergs,  27  were  mediums,  and  4  were  large. 

No  very  large  icebergs  were  used. 

Table  2.  IIP  Iceberg  Size  Categories 


Descriptive  Name 

Height 

(m) 

Length 

(m) 

Growler 

<5 

<15 

Small  Iceberg 

5-15 

16-60 

Medium  Iceberg 

16-45 

61-122 

Large  Iceberg 

46-75 

123-213 

Vsry  LsrQo  IcsbsrQ 

>75 

>213 

Description  of  Environmental  Conditions 

Seas  were  generally  1-2  meters  during  most  of  the 
experiment. 
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Data  Collection  Procedures 

General 

Data  for  this  evaluation  were  collected  on  7-16  June 
1988.  The  exact  location  of  data  collection  varied  with  ice 
movement  within  a  box  bounded  by  51  N  to  52  N  and  52-30 
W  to  53-30  W  (Figure  1).  Each  evening,  IIP  personnel  on 
USCGC  NORTHWIND  were  responsible  for  selecting  the 
next  day’s  area  of  study  around  a  group  of  iceberg  targets, 
and  passing  the  study  area  coordinates  to  the  aircraft  using 
VHF  radio  prior  to  the  aircraft's  departure.  The  next  morn¬ 
ing,  the  aircraft  would  confirm  the  location  of  NORTHWIND, 
and  the  study  area,  after  takeoff. 

During  the  data  collection  runs,  the  IIP  crew  on 
NORTHWIND  monitored  the  positions  of  each  iceberg  in  the 
study  group,  and  recorded  surface  environmental  data. 

Search  Patterns 

Two  search  patterns  were  used  by  the  aircraft  during 
the  evaluation.  Most  of  the  searches  were  an  area  (type  1) 
search  consisting  of  a  square  with  54  nm  (100  km)  sides. 
Both  the  HU-25B  and  HC-130H  flew  this  pattern  at  four 
altitudes:  4000,  6000,  8000,  and  10,000  feet.  All  these 
searches  were  conducted  using  the  27  nm  (50  km)  range 
scale  on  the  SLAR. 


Only  the  HU-25B  flew  the  second  search  pattern.  It 
was  a  parallel  line  (type  2)  search.  This  pattern  was  flown  at 
4000  and  8000  feet.  The  track  spacing  was  6  nm  (1 1  km) 
for  the  first  three  legs,  and  12  nm  (22  km)  for  the  last  two 
legs.  Both  the  27  nm  (50  km)  and  54  nm  (100  km)  range 
scale  on  the  SLAR  were  used  on  this  pattern.  Because  of 
the  limited  amount  of  data  collected  with  the  54  NM  scale,  no 
discussion  on  the  use  of  this  scale  for  ice  reconnaissance 
will  be  made  in  this  report. 

SLAR  Data  Format 

The  output  analog  imagery  from  both  the  APS-131 
and  APS-135  SLAR  was  recorded  on  23  cm  wide  dry-proc¬ 
ess  film.  The  HU-25B  also  used  a  video  recorder  to  record 
the  analog  imagery  in  VHS  tape  format. 

Results  and  Discussion 

Table  3  summarizes  the  total  number  of  detection 
opportunities  for  each  SLAR.  Table  4  shows  the  distribution 
of  the  detection  opportunities  with  altitude  and  lateral  range 
for  each  SLAR.  For  the  APS-1 35,  the  detection  opportuni¬ 
ties  were  distributed  evenly  between  the  four  altitudes  4,000, 
6,000, 8,000,  and  10,000  feet  and  in  the  mid  to  far-range  (5 
to  27  NM).  For  the  APS-t  31 ,  most  of  the  detection  oppottu- 
nites  were  at  4,000  and  8,000  feet  and  in  the  far  range  (15- 
27  NM). 

Table  3.  Total  Detection  Opportunities 
(Type  1  and  Type  2  Searches,  27  and  54  NM  Scales) 


HU-25B 

HC-130H 

(APS-131) 

(APS-135) 

s 

133 

48 

M 

230 

132 

L 

45 

17 

Northwind 

76 

31 

Total 

484 

228 

Table  5  lists  the  number  of  SLAR  detections  over  the 
number  of  detection  opportunities,  and  the  probability  of 
detection  (POD),  for  each  SLAR  as  a  function  of  iceberg  size 
(and  for  the  NORTHWIND).  The  two  SLARs  have  a  very 
similar  iceberg  detection  capability.  The  iceberg  POD  (for 
small,  medium,  and  large  icebergs)  for  eaoh  SLAR  is  99 
percent. 

Table  6  lists  the  iceberg  POD  as  a  function  of  lateral 
range  and  altitude.  Again,  both  SLARs  have  a  similar  ice¬ 
berg  detection  cabability  at  all  altitudes  and  lateral  ranges. 
There  is  no  significant  variation  in  iceberg  POD  with  lateral 
range  or  altitude.  There  is  a  small  decrease  in  iceberg  POD 
at  8,000  and  10,000  feet  for  the  APS-131  SLAR,  however. 

These  results  are  similar  to  the  results  obtained 
during  BERGSEARCH  '84  and  the  1985  SLAR  Detection 
Experiment,  for  the  given  type  of  targets  and  sea  conditions. 
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TaW*  4.  Table  6.  Iceberg  POD  (Type  1  and  Type  2  Searches,  27  NM  Scale) 


HC-130H  (APS-135)  Total  Detection 
Opportunitiat 
(Type  1  Searches) 


0-4 

5-9 

Rang*  (NM) 
10*14  15-19 

20-27 

Total 

Altitud#  (FT) 
4,000 

1 

IS 

14 

7 

18 

55 

5,000 

0 

0 

0 

0 

0 

0 

6,000 

0 

14 

12 

14 

20 

60 

8.000 

0 

13 

8 

15 

17 

S3 

10,000 

0 

13 

13 

15 

19 

60 

12,000 

0 

0 

0 

0 

0 

0 

Total 

1 

55 

47 

51 

74 

228 

HU-2SB  (APS-t31)  Totat  Detection 
Opportunities 

(Type  t  and  Type  2  Searches) 


0-4 

5-9 

Range  (NM) 
10-14  15-19 

20-27 

27*50* 

Total 

Altitude  (FT) 
4,000 

16 

27 

19 

31 

29 

0 

122 

5,000 

0 

9 

2 

11 

11 

0 

33 

6.000 

2 

16 

10 

17 

17 

0 

62 

8,000 

8 

37 

39 

38 

52 

28 

202 

10,000 

3 

1 

5 

10 

22 

0 

41 

12,000 

0 

0 

0 

6 

0 

18 

24 

Total 

29 

90 

75 

113 

131 

46 

484 

‘27-SO  NM  ranges  for  Type  2  Searches  only. 


Table  5.  Detection  Data  (Type  1  and  Type  2  Searches.  27  NM  Scale) 
Delections/Opportunities  (POO) 


HU-2SB 

HC.130H 

APS-131 

APS-13S 

Small 

114/116  (.96) 

47/46  (.98) 

Medium 

200/203  (.96) 

132/132  (1.00) 

Large 

36/36(1.00) 

17/17(1.00) 

Total 

350/355  (.99) 

19&t97  (.99) 

Northwind 

53/53  (1.00) 

3t/31  (1.00) 

HC-130H 

HU-25B 

Range  (NM) 

APS-135 

APS.131 

0-4 

1/1  (1.00) 

24/24(1.00) 

5-9 

53/53(1.00) 

82/83  (.99) 

10-14 

42/42(1.00) 

62/63  (.98) 

15-19 

43/43  (1.00) 

85/88  (.97) 

20-27 

57/58  (.98) 

97/97(1.00) 

HC-130H 

HU-25B 

Altitude  (IT) 

APS-135 

APS-131 

4,000 

47/47(1.00) 

105/105  (1.00) 

5.000 

- 

29/29  (1.00) 

6,000 

52/52(1.00) 

52/52  (1.00) 

8,000 

46/46(1.00) 

130/134  (.97) 

10,000 

51/52  (.98) 

31/32  (.97) 

12.000 

- 

3/3  (1.00) 

Conclusions 

For  the  given  sea  conditions  and  size  of  targets,  all 
altitudes  and  lateral  ranges  out  to  27  NM  appear  suitable  for 
iceberg  searches.  Forthe  APS-131  SLAR,  an  altitude  of 
6,000  feet  and  lower  appears  to  be  a  slightly  better  altitude 
for  iceberg  reconnaissance  than  8,000  feet  or  higher.  More 
study  is  needed  at  higher  sea  states  and  with  smaller  ice 
targets  before  any  final  conclusions  can  be  drawn  regarding 
the  optimum  iceberg  search  altitude  and  the  POD  as  a 
function  of  sea  state,  lateral  range,  and  iceberg  size. 

The  APS-131  is  very  similar  in  its  iceberg  detection 
capability  to  the  APS-135.  These  results  indicate  it  is  ca¬ 
pable  of  performing  the  iceberg  reconnaissance  mission  of 
the  International  Ice  Patrol. 

Current  plans  forthe  1989  iceberg  season  are  forthe 
HU-25B  to  complement  the  HC-130H  reconnaissance  air¬ 
craft.  Due  to  its  limited  endurance,  the  HU-25B  aircraft  will 
not  be  able  to  replace  the  longer-range  HC-130H.  However, 
during  certain  times  of  the  year  and  in  certain  light  ice  years, 
the  HU-25B  should  be  able  to  conduct  the  International  Ice 
Patrol  mission. 
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ABSTRACT 

An  overview  of  the  features  of  the  Litton 

APS-504(V)5  Maritime  Surveillance  Radar  System  is 
presented  and  a  fully  coherent  variant  of  the 

APS-504(V)5  Transmitter/Receiver  subsystem  which 
has  been  developed  for  Synthetic  Aperture  Radar 

(SAR)  applications  described.  The  application  of 
coherent  techniques  to  the  detection  of  moving  targets 
is  then  discussed  and  Pulse  Doppler  processing  is 
shown  to  provide  an  effective  means  of  meeting 
requirements  for  moving  target  detection. 
Lightweight  technologies  are  identified  which  enable  a 
new  maritime  surveillance  radar,  with  capabilities 

previously  available  only  in  larger  and  more  expensive 
systems,  to  be  provided  in  a  system  which  is  suitable 
for  installation  in  a  small,  twin-engined  turboprop 
aircraft  or  helicopter.  The  Litton  Lightweight  Radar 
(LWR),  currently  under  development,  is  based  on  the 
demonstrated  technology  of  the  coherent  variant  of 
the  APS-504(V)5  Transmitter/Receiver  subsystem  and 
the  proven  APS-504(V)5  signal  processing  algorithms. 
In  addition,  a  Pulse  Doppler  processor  is  being 
included. 

Keywords;  Airborne  Maritime  Surveillance  Radar 
INTRODUCTION 

Airborne  radar  provides  a  powerful  means  of 
satisfying  a  wide  variety  of  maritime  surveillance 
requirements  which  cannot  be  met  by  surface-based 
alternatives.  In  particular,  the  3€0-degree,  scanning 
radar  provides  rapid,  wide-area  coverage  in  real-time 
and  is  suitable  for  a  variety  of  maritime  surveillance 
missions,  including: 

*  Search  and  Rescue 

*  Policing  of  maritime  traffic 

*  Fisheries  protection 

*  Surveillance  and  control  of  the  exploitation 
of  the  continental  shelf 

*  Customs  and  immigration  surveillance 

*  Detection  of  ships  discharging  at  sea 

*  Surveillance  of  all  sources  of  pollution 


*  Checking  maritime  navigation  aids 

•  Iceberg  patrol 

•  Oceanography 

*  Ensuring  compliance  with  the  rules  of 

navigation 

Many  of  these  applications  reflect  the  importance  of 
monitoring  Territorial  Waters  (12  nautical  miles  wide) 
over  which  the  littoral  state  has  complete  sovereignty 
and  the  Exclusive  Economic  Zone  (EEZ)  (188  nautical 
miles  wide)  over  which  the  littoral  state  retains  a 
certain  number  of  exclusive  rights  as  regards 
exploitation  and  exploration  (Saivy,  1986).  The 
above  missions  therefore  require  the  surveillance  of 
long  stretches  of  coastal  waters  for  which  economical, 
medium-range  maritime  patrol  aircraft  with 
low-operating  costs  are  ideal.  A  wide  variety  of  such 
aircraft  are  fitted  with  Litton  radars  and  such 
systems  are  in  use  in  every  continent  from  the, Arctic 
to  the  Tropics. 

The  physical  dimensions  and  weight  of  a  maritime 
surveillance  radar  are  required  to  be  compatible  with 
the  payload  capacity  of  medium-range  maritime  patrol 
aircraft  types,  small,  twin-engined  turboprop 
aircraft,  commuter  jets,  aerostats  and  helicopters. 
The  constraints  on  the  size  and  weight  of  the  radar 
in  maritime  surveillance  applications  to  some  extent 
dictate  the  characteristics  and  specifications  of  the 
radar.  The  most  recent  Litton  maritime  surveillance 
radar  (designated  APS-504  (V)5  in  Canada  and 
AN/APS-140(V)  in  the  U.S.)  is  a  360°,  scanning, 
X-band  radar  with  a  peak  power  of  approximately 
8  kilowatts.  (The  maximum  effective  peak  power  with 
pulse  compression  is  approximately  4  megawatts). 
The  APS-504(V)5  provides  a  long-range  maritime 
surveillance  capability  to  200  nautical  miles  and 
includes  features  which  are  designed  to  provide 
detection  of  small  targets  in  sea  clutter  at  shorter 
ranges.  In  addition,  the  APS-504(V)5  provides 
weather  avoidance  and  beacon  interrogation  modes  and 
a  (real-beam)  land  mapping  mode. 

The  capability  of  detecting  aircraft  and  small, 
high-speed  sea-surface  moving  targets  in  clutter  is  of 
increasing  importance  for  maritime  surveillance 
applications.  It  is  now  possible  to  provide  an 
economical  radar  which  has  the  means  of  reliably 
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detecting  such  targets  using  newiy  available 
technv.iogies.  Furthermore,  the  additional  capabilities 
can  be  included  'n  a  radar  comparable  to  the 
APS-504(V)5,  with  a  significant  reduction  m  weight. 

LITTON  APS-504(V)5 

The  APS-504(V)5  is  ?n  advanced,  frequency-agile, 
X-band  pulse  compression  radar  which  provides  the 
following  features: 

•  Travelling  Wave  Tube  (TWT)  based 
transmitter 

•  Two  pulse  compression  modes  with 
compression  ratios  of  500:1  and  210:1 

•  Wide  bandwidth  frequency  agility  (500  MHz) 

•  Advanced  Surface  Acoustic  Wave  (SAW) 
technology 

•  Two  or  three-axis  antenna  pedestals  with 
multiple  antenna  scan  rates  up  to  120  rpm 

•  ,  Low  sidelobe,  broadband,  parabolic  or 

flatplate  antennas 

•  Sector  scan  with  selectable  range  delay 

•  Low  noise  receiver 

•  Pulse-to-pulse  and  scan-to-scan  integration 
with  Constant  False  Alarm  Rate  (CFAR) 
processing 

•  High-resolution,  TV  type  multi-function 
raster  display  with  alphanumeric  overlay 
and  cursors 

•  Track-While-Scan  (TWS)  for  up  to  twenty 
targets 

•  Extensive  Built-in-Test  (BIT) 

In  addition,  the  following  optional  features  are 
available: 

•  Electronic  Support  Measures  (ESM)  interface 

•  Data  link  interface 

•  MIL-STD-1553B  interface 

•  Pilot's  repeater 

•  Identification  Friend  or  Foe  (IFF)  Interface 

A  block  diagram  showing  the  baseline  configuration  of 
the  APS-504(V)5  and  optional  features  is  given  in 
Figure  1.  The  APS-504(V)5  is  packaged  into  eight 
Line  Replaceable  Units  (LRUs)  with  approximate 
weights  as  shown  in  Table  1. 

A  variety  of  processing  options  are  available  to  the 
operator  to  maximize  the  probability  of  detection  of 
maritime  targets.  Two  pulse  compression  modes  are 
available.  A  200  nanoseconds  resolution  compressed 
pulse  width  is  provided  for  the  detection  of  larger 
targets  at  ranges  of  up  to  200  nautical  miles  and  a 
fine  resolution  pulse  with  30  nanoseconds  compressed 
pulse  width  is  provided  for  the  detection  of  small 
targets  such  as  cigarette  boats  and  motor  launches  in 
clutter  at  shorter  ranges.  The  Digital  Filter 


Preprocessor  (DFP)  is  used  to  preprocess  the  radar 
video  when  the  fine  resolution  pulse  width  is  in  use. 
Pulse-to-pulse  integration  and  Constant  False  Alarm 
Rate  (CFAR)  processing  are  selectable  and 
scan-to-scan  integration  may  be  performed  with  a 
fu'ly  ground-stabilized  display. 

SAR  TRANSCEIVER  SUBSYSTEM  (STS) 

A  fully  coherent  variant  of  the  APS-504(V)5  RF 
subsystem  has  been  developed  for  the  MacDonald 
Dettwiler  Integ.-ated  Radar  Imaging  System  (IRIS) 
Synthetic  Aperture  Radar  (SAR)  (Akam  et  al,  1988). 
The  STS  functions  entirely  under  the  control  of  a 
data  link  and  provides  two  fully  coherent  pulse 
compression  modes  using  similar  SAW  technology  to 
the  APS-504(V)5  system.  A  pulsed  TWT  optimized  for 
the  SAR  requirement  is  used  in  the  coherent 
transmitter.  The  receiver  output  to  the  SAR 
processor  is  in  the  form  of  In-Phase  and  Quadrature 
cor,  .'--'•'ents  of  the  coherent  radar  video  at  baseband. 
The  appropriate  coherent  timing  signals  are  also 
provided  by  the  STS.  High-quality  SAR  imagery  has 
been  produced  from  raw  video  provided  by  the  STS. 

LIGHTWEIGHT  RADAR  (LWR) 

The  target  environment  in  which  maritime  surveillance 
radars  must  operate  is  an  increasingly  demanding 
one.  It  is  required  that  such  systems  be  capable  of 
reliably  detecting  high-speed  surface  targets  of  low 
Radar  Cross  Section  (RCS).  Future  radars  should 
also  be  capable  of  detecting  aircraft  which  may  cross 
land/sea  boundaries.  Such  target  detection 
requirements  demand  a  high  degree  of  clutter 
rejection  which  may  be  obtained  by  discriminating 
between  targets  and  clutter  on  the  basis  of  their 
Doppler  frequencies.  Pulse  Doppler  techniques 
(Morris,  1988)  provide  an  effective  means  of  meeting 
the  target  detection  performance  requirements  but 
impose  stringent  requirements  on  almost  all  aspects  of 
the  design  of  the  radar  system,  including: 

•  High  degree  of  coherence 

•  High  degree  of  linearity 

•  Wide  dynamic  range 

•  Low  antenna  sidelobes 

•  High-speed  signal  processing 

•  Post-detection  target  data  processing 
requirements 

The  techniques  employed  in  the  fully  coherent  STS 
variant  of  the  APS-504(V)5  RF  subsystem  which  have 
already  been  demonstrated  will  form  a  cornerstone  of 
the  new  Litton  lightweight  airborne  maritime 
surveillance  radar  system. 

The  LWR  Receiver  Unit  (RU)  will  provide  both 
noncoherent  and  coherent  radar  video  outputs.  The 
noncoherent  video  (in  the  form  of  the  logarithm  of  the 
magnitude  of  the  envelope  of  the  IF  signal)  will  be 
processed  using  the  proven  noncoherent  signal 
processing  techniques  employed  in  the  APS'504(V)5. 
.Newly  available  VLSI  devices  allow  the  word  length 
and  processing  accuracy  to  be  increased  in  some 
areas  of  the  signal  processing.  The  DFP  Unit  of  the 
APS-504(V)5  will  be  integrated  into  the  Signal 
Processing  Unit  (SPU)  of  the  LWR  thus  eliminating 
one  of  the  APS-504(V)5  LRUs  and  providing  a  saving 
in  the  weight  of  the  system. 
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The  coherent  radar  video  (In-Phase  and  Quadrature 
components)  will  be  processed  by  a  new  Pulse  Doppler 
processor  to  provide  improved  detection  of  moving 
targets.  As  a  result  of  newly  available  VLSI  devices 
for  digital  signal  processing,  the  Pulse  Doppler 
processor  may  be  implemented  in  a  sufficiently 
compact  form  to  be  located  within  the  LWR  SPU. 

Pulse  Doppler  processing  can  proyide  improved 
performance  against  moving  targets  for  the  following 
reasons; 

•  Coherent  integration  is  more  efficient  than 
noncoherent  integration 

•  The  area  of  land  or  sea  contributing  to  the 
clutter  level  in  a  resolution  cell  is  reduced 
by  formation  of  the  Doppler  spectrum 

•  Target  returns  and  clutter  returns  are 
separated  in  the  Doppler  spectrum. 

Pulse  Doppler  systems  are  usually  classified  according 
to  Pulse  Repetition  Frequency  (PRF)  as  follows: 

•  _  Low  PRF  systems  are  unambiguous  in  range 

and  highly  ambiguous  in  Doppler 

•  Medium  PRF  systems  are  ambiguous  in  range 
and  Doppler 

•  High  PRF  systems  are  unambiguous  in 
Doppler  and  highly  ambiguous  in  range. 

The  selection  of  PRF  is  a  complex  issue  which 
depends  on  a  wide  yariety  of  factors  (Williams  and 
Radant,  1983).  The  achievable  target  detection 
performance  is  ultimately  determined  by  the  degree  of 
spread  of  clutter  in  the  Doppler  spectrum.  However, 
the  spread  of  clutter  in  the  Doppler  spectrum 
depends  on  the  flight  envelope  of  the  radar  platform,, 
anUnna  radiation  pattern,  operating  frequency  of  the 
radar  and  other  factors.  The  extent  of  the  Doppler 
spectrum  (and  hence  the  extent  of  regions  of  the 
spectrum  which  are  clear  of  clutter)  is  determined  by 
the  PRF.  In  airborne  maritime  surveillance  radar 
applications,  the  appropriate  selection  of  PRF  tends  to 
differ  from  application  to  application  and  even  from 
mission  to  mission.  Both  low  and  medium  PRF  Pulse 
Doppler  capability  will  be  .required  to  meet  the 
requirements  imposed  by  the  full  range  of  applications 
anticipated  for  the  LWR.  The  Pulse  Doppler 
Processor  is  therefore  being  designed  with  a  modular 
and  programmable  architecture  in  order  to  provide  the 
required  flexibility. 

The  weight  and  volume  of  the  transmitter  and 
receiver  are  being  reduced  in  comparison  to  the 
APS-504(V)5  units  by  adopting  newly  available 
technologies,  while  still  maintaining  sufficient  linearity 
and  dynamic  range  to  provide  a  high-performance 
Pulse  Doppler  capability.  The  reductions  are  being 
effected  by  careful  layout  and  the  increased  use  of 
hybrid  and  stripline  circuitry.  Plug-in  modules  are 
being  used  extensiyely  in  order  to  achieve  high 
packing  density  and  improved  maintainability. 

A  detailed  trade-off  study  has  shown  that  a  further 
reduction  in  the  weight  of  the  system  may  be  made  by 
reducing  the  peak  power  of  the  radar  from  8  kilowatts 
to  4  kilowatts.  This  results  in  a  significant  reduction 
in  the  required  weight  of  the  Trayelling  Wave  Tube 
heat  exchanger.  The  excellent  long-range 
performance  of  the  APS-504(V)5  system  may  be 


maintained  by  making  use  of  improved  Low  Noise 
Amplifier  (LNA)  technology  to  further  reduce  the 
receiver  noise  figure.  Furthermore,  a  smaller  and 
lighter  TWl  power  supply  with  increased  capability 
may  now  be  designed  as  a  result  of  Improvements  in 
power  semiconductor  technology. 

A  block  diagram  showing  the  LWR  system  configur¬ 
ation  is  shown  in  Figure  2.  The  LWR  will  be 
packaged  into  4  LRUs  with  weights  as  shown  in 
Table  2.  The  weight  of  the  LWR  will  be  increased  in 
applications  which  require  standalone  control  and 
display  capability.' 

CONCLUSIONS 

The  airborne,  scanning  maritime  surveillance  radar  is 
a  versatile,  cost-effective  and  efficient  means  of 
providing  real-time,  wide  area  surveillance  of  coastal 
waters  in  a  variety  of  applications.  Newly  available 
VLSI  signal  processing  devices  and  lightweight  radar 
technologies  enable  future  maritime  surveillance  radars 
to  provide  increased  performance  and  to  enter  new 
application  areas  involving  the  detection  of  aircraft 
and  sea  surface  moving  targets.  The  gains  in 
performance  and  versatility  can  be  achieved  with  a 
radar  similar  to  the  APS-504(V)5  with  reduced 
weight.  Capabilities  which  were  previously  available 
only  in  much  larger  and  more  expensive  systems  will 
be  available  in  a  lightweight  maritime  surveillance 
radar  that  may  be  installed  in  light  aircraft  or 
helicopters. 
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Af>S-504(V)5 

Weight  (lbs) 

Power  Amplifier  Unit  (PAU) 

99 

Exciter/Receiver  Unit  (ERU) 

W 

Ant#nna/P»dRStal  Unit 

39 

Antenna  Control  Unit  (ACU) 

18 

Digital  Filter  Preprocessor  (DFP) 

16 

Operator's  Display  Unit  (OOU) 

31 

Radar  Control  Unit  (RCU) 

22 

Synchronizer/Proeessor  and  Converter  (SPC) 

42 

Equipment  trays  and  miscellaneous 

20 

Total  Weight  (approx) 

341 

TABtE  1  APS-5M(V)5  Line  Replacejble  Units  (LRUs)  ind  Approximjte 
Weights. 
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Lightweight  Aadar 

Weight  (lbs) 

Scanner  Unit  (including  Antenna/Pedestal) 

44 

Transmitter  Unit  (TU) 

48 

Receiver  Unit  (RU) 

38 

Signal  Processing  Unit  (SPU) 

48 

Equipment  trays  and  miscellaneous 

7 

Total  Weight  (estimated) 

18S 

TABLE  2  Lishtweight  Radir  (LWft)  Line  RepUceeble  Units  (LAUs)  and 
Estimated  Weights. 
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Figure  1  APS-504(V)5  System  Configuration 
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Figure  2  Lightweight  Radar  System  Configuration 
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ICE  MANAGEMENT  FOR  THE  OFFSHORE  FISHERY 


PHILIP  RUDKIN  HERBERT  RIPELY  KEN  LUDLOW 


ATLANTIC  AIRWAYS  LIMITED  CANADA 


Abstract 

Modern  technology,  a  shrinking  resource  and 
economic  pressure  have  forced  modern  fishing 
vessels,  to  routinely  enter  and  work  in  ice 
covered  waters.  Working  in  these  conditions 
is  not  only  time  consuming  and  expensive, 
but  can  occasionally  be  hazardous. 

Site  specific  ice  management  was  initially 
developed  for  the  offshore  oil  and  gas 
industry,  and  over  ten  years  has  evolved  into 
an  effective  and  reliable  method  of  handling 
operations  in  ice  infested  waters,  resulting 
in  the  minimum  amount  of  down  time. 

The  need  for  effective  offshore  ice  manage¬ 
ment  has  been  highlighted  by  the  recent  quota 
system  implemented  by  the  Canadian  Fisheries 
Department. 

Through  the  joint  efforts  of  Fishery  Products 
International  and  Atlantic  Airways,  a  limited 
ice  management  system  was  tested  during  the 
1988  winter  fishery. 

This  paper  will  detail  the  need  and  economic 
benefits  involved  in  an  integrated  ice 
management  system  specifically  designed  of 
Canada's  North  East  Coast  offshore  fishery. 

Clear  demand,'  Gain  information.  Data 
management.  Operational  costs. 


Ice  Conditions  with  Respect 
to  the  East  Coast  Fishery 

The  fishery  areas  of  the  North  East  coast  of 
Canada  extend  from  latitude  44  degrees  North 
to  70  degrees  North.  Within  these  boundaries 
two  distinct  ice  areas  exist;  to  the  North, 
Artie  pack,  and  to  the  South  the  highly 
rnobile  Mar^insl  ics  zona.  Ths  Northarn 
sector  within  the  bounds  of  60  -  70  degrees 
North  is  totally  impenetrable  from  December 
to  May,  being  totally  covered  with  heavy 
Artie  packice. 

The  main  fishing  effort  in  this 

area  is  held  between  July  and  September 

depending  upon  ice  conditions. 


The  Southerly  section  is  divided  into  two  sub 
areas,  the  Labrador  margin  and  the  Grand 
Banks. 

Due  to  recent  DFO  quota  regulations  (Optimum 
sustainable  yield)  the  fishing  effort  on  the 
Labrador  margin  is  now  concentrated  in 
February  and  March,  with  the  shrimp  fishery 
extending  into  June.  While  the  fishing  effort 
on  the  Grand  Banks  is  year  round. 


Data  Requirements 

The  Captain  of  a  trawler  operating  in  the  seas 
off  Newfoundland  and  Labrador  can  gain  inform¬ 
ation  on  ice  conditions  from  (3)  three  sources 
in  normal  operating  conditions. 

1.  The  vessels  radar  will  provide  limited 
information  on  ice  coverage  out  to  a 
maximum  distance  of  10  miles. 

2.  Area  ice  charts,  compiled  by  AES  are 
transmitted  daily  via  weather  fax.  They 
contain  information  of  a  general  nature 
and  often  show  only  the  previous  day’s  ice 
situation. 

3.  The  Canadian  Coast  Guard's  ice  control 
centre  makes  daily  broadcasts  of  ice 
conditions  based  on  the  best  information 
they  have  available. 

These  three  items  on  their  own  do  not  provide 
enough  information  to  conduct  effective  large 
scale  vessel  operations  in  ice  covered  waters. 
It  has  been  stated  that  to  efficiently  manage 
vessel  operations  in  a  winter  fishery.  There 
is  a  frequent  and  clear  demand  for  detailed 
site  specific,  real  time  data  (Hogan  87)  on 
ice  conditions  in  three  areas. 

1.  Immediately  upon  departure  or  return 
to/from  a  Newfoundland  port. 

2.  During  the  passage  to  and  from  the 
Northern  fishing  locations, 

3.  During  the  fishing  operation. 


Equipment 

In  the  1988  fishery  a  specially  equipped 
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remote  aircraft  owned  and  operated  by 
Atlantic  Airways  Limited  was  used  to  assist 
Fishery  Products  International  in  its  demand 
for  real  time  ice  data.  This  aircraft  is 
specially  designed  for  offshore  ice 
surveillance  and  features  a  completely  self 
contained  ice  management  system  designed  to 
relay  real  time  ice  data  to  surface  vessels. 

Onboard  data  collection  is  accomplished  using 
a  Litton  APS  504(V)  5,360  degree  surveillance 
radar.  Radar  range  is  user  selectable 
between  a  very  high  resolution  3  mile  scale, 
to  a  200  mile  look,  covering  an  area  of 
94,000  square  miles  with  every  sweep.  Radar 
resolution  below  the  50  mile  range  scale  is 
capable  of  reliably  detecting  ice  in  as 
little  as  one  tenth  concentration  and  as  thin 
as  new  ice. 

The  (V)  5  IS  a  digital  radar  making  it  ideal 
for  ice  surveillance.  The  operators  display 
shows  target  returns  in  various  gray  levels 
depending  upon  the  strenght  of  the  target 
(thickness  of  ice).  This  makes  it  possible 
to  classify  and  type  ice  based  purely  on 
radar  imagery. 

Airborne  data  management  is  accomplished  by 
the  use  of  a  computer  permanently  mounted  in 
the  aircraft.  Custom  computer  software, 
designed  and  written  by  Atlantic  Airways  Ltd. 
allows  the  computer  to  receive  information 
directly  from  the  radar,  and  the  aircraft’s 
navigation  system.  Additional  programs  then 
turn  this  data  into  easily  understood  ice 
data  listings.  Ice  charts  are  also  produced 
(to  AES  standards)  using  this  digital  data  in 
con3unction  with  ice  coverage  and  thickness 
information  entered  into  the  computer  by  an 
experienced  ice  observer.  Supplementary  low 
level  visual  information  is  included  for 
areas  of  specific  interest. 

The  aircraft  is  equipped  with  a  complete 
array  of  communications  equipment.  One  of 
the  most  important  parts  of  which  is  the  HF 
facsimile  transmitter.  This  unit  is 
frequency  selectable  to  cover  the  entire  HF 
range,  making  it  possible  to  simultaniously 
pass  ice  charts  to  all  vessels  equipped  with 
a  weather  fax  receiver. 

Atlantic  Airways  has  been  operating  this  ice 
surveillance  system  for  the  offshore  oil  and 
gas  industry  for  the  past  four  years.  At  the 
beginning  of  1988  ,  ice  surveillance 
operations  were  begun  for  Fishery  Products 
International . 

Coverage 

Coverage  concentrated  on  all  three  areas 
previously  identified.  Vessel  routing  flights 
where  flown  resulting  in  one  case  of  transit 
time  savings  of  over  forty  eight  hours. 

Several  flights  were  conducted  to  assist 
trawlers  extend  the  fishable  time  in  a 
specific  area, one  case  in  area  2J  off  the 
Labrador  coast  resulted  in  the  extention  by 
(11)  eleven  vessel  days  and  749,00  lbs  of 
Northern  Cod. 


The  results  of  the  above  examples  and  the 
work  for  the  Oil  industry  over  the  past  years 
have  proven  that  this  system  is  capable  of 
providing  detailed  and  highly  accurate  ice 
information  and  is  an  extremely  cost 
effective  way  to  gather  ice  information  over 
a  large  area. 

Conclusions 

To  receive  the  maximum  benefits  from  an  ice 
management  system  the  utilization  period 
would  be  in  the  order  of  three  to  four  months 
and  should  included  full  ground  based 
support . 

While  our  test  period  covered  two  and  one 
half  months  and  less  than  50  hours  flight 
time,  the  results  were  very  successful. 
Acceptance  by  the  vessel  masters  was  very  good 
and  all  vessel  crews  where  keen  to  receive 
the  ice  charts  from  the  aircraft.  All  feed 
back  received  from  the  fishing  vessels  was 
positive. 

We  would  like  to  take  this  opportunity  to 
thank  all  people  involved  in  this  test  and 
especially  the  vessel  crews  for  their 
patience  and  help  when  setting  up  the  first 
few  data  down  links. 

Cost  factors  associated  with  operating  this 
ice  management  system  are  fairly  high,  even 
so  It  has  been  stated  in  a  benefit  assessment 
conducted  by  the  client  (Hogan  1988)  that 
each  deep  sea  trawler's  contribution  to 
profit  per  hour  of  harvesting  is  $1,000.00 
Canadian  and  through  out  the  test  period 
substantial  savings  on  opertional  costs  were 
realized. 

The  offshore  oil  and  gas  industry  operate  a 
joint  ice  management  system.  Data  collection 
and  management  is  conducted  from  one  central 
location  and  the  data  products  are  then 
distrubuted  to  all  participants  (in  their  own 
perferred  format).  This  would  seem  an  ideal 
solution  for  the  offshore  fishing  industry, 
and  by  offsetting  the  cost  against  vessel 
operating  budget,  the  figure  comes  in  at 
about  $50.00  per  vessel  day  for  a  full  ice 
management  system. 

As  demonstrated  the  potential  cost  savings 
far  exceed  this  figure,  not  to  mention  the 
increase  in  safety  of  operations  in  ice 
conditions . 
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ABSTRACT 

This  paper  describes  the  techniques  developed 
to  process  SAR  data  obtained  by  the  CNES 
X-Band  VARAN-S  Airborne  SAR  during  the 

Agrisar-86  campaign  on  the  Italian  test-site. 
The  processing  has  been  performed  starting 
from  the  sensor  "raw-data",  whose  main 
characteristics  are  the  analogical  range 

compression,  the  azimuthal  prefiltering  and 
decimation,  all  executed  in  real-time 
onboard. 

The  SAR  data  have  been  firstly  compressed  in 
azimuth  by  means  of  a  matched  filter  in  the 
frequency  domain.  The  filter  parameters  were 
derived  from  standard  clutterlock  and 

autofocus  algorithms. 

With  regard  to  the  autofocus,  two  partial 
Doppler  bands  of  some  azimuth  lines  at 

different  ranges  were  used  for  a  correlation 
process  to  find  the  true  sequence  of  the 
Doppler  rate  values. 

Point  and  extended  targets  have  been  selected 
on  the  resulting  full  resolution  images  in 
order  to  assess  both  the  data  and  processing 
quality. 

In  order  to  fully  exploit  the  use  of  these 
SAR  images,  their  radiometric  calibration  has 
been  performed  utilizing  the  echo  signal  from 
trihedral  corner  reflectors 
The  availability  of  ground  truth  enabled  to 
assess  the  ,  validity  of  the  textural 
characterization  of  crop  types,  where  the 
textural  analysis  is  based  on  the 
co-occurrence  matrix  method. 

1.  INTRODUCTION 

The  growing  interest  for  microwave  remote 
sensing,  the  future  programs  of  Earth 
observation  from  space  using  SAR  sensors  for 
their  all-weather  capabilities,  the 
opportunity  to  participate  to  Agrisar-86 
campaign,  offered  by  the  JRC-ISPRA 
Establishement  of  EEC  (Economic  European 
Community),  led  tnis  group  to  focus  on  SAR 
data  processing  and  gain  experience  from  the 
analysis  of  data  produced  by  the  VARAN-S 
Airborne  SAR. 

The  effort  has  been  devoted  to  implement  and 
test  a  processing  chain  able  to  obtain 
calibrated  SAR  images,  useful  for 
classification  purpose  and  for  integration 
with  images  in  other  spectral  bands. 


The  approach  used  is  flexible  enough  to 
handle  data  from  various  SAR  sensors,  either 
airborne  and  spaceborne. 

2.  SENSOR  CHARACTERISTICS 
AND  DATA  COMPRESSION 

The  french  X-band  airborne  Varan-S  SAR  was 
used  during  the  AGRISAR-86  campaign,  the 
sensor  was  mounted  on  WWII  B17.  The  antenna 
pointing  was  stabilized  by  means  of  servo 
system  connected  to  the  LITTON  LTN  96-100 
gyrolaser  INS,  the  latter  provided  also  the 
flight  parameters  to  be  recorded  on  tape 
togheter  with  the  antenna  corrections. 

However  this  part  of  ancillary  data  were  not 
on  the  CCT  raw-data  tapes  available  to  us. 

In  tab.l  the  main  sensor  characteristics  and 
flight  parameters,  [1],  are  indicated. 


INS  :  LITTON  LTN  96-100 

Radar  :  THOMSON-CSF  VARAN-S 

Radar  carrier 

s 

9.37 

GHz 

PRF 

= 

400 

Hz 

Chirp  bandwidth 

= 

67 

MHz 

Trasmitted  pulse 

length  = 

10 

MS 

Polarization 

= 

HH/VV 

Antenna  aperture 

( azimuth )  = 

2.3 

deg 

Antenna  aperture 

( range )  = 

41.7 

deg 

Platform  speed 

= 

103 

m/s 

Squint  angle 

= 

90 

deg 

Look  angle 

= 

55 

deg 

Flying  helgth 

5790 

m 

Tab.l  Flight  parameters  and 
system  technical  characteristics 


For  each  PRl  pulse,  the  echo  signal  from  the 
illuminated  ground  area  was  range-compressed 
in  real-time  at  the  receiver  by  means  of  the 
analogic  SAW  circuit.  After  this 
compression,  the  resulting  signal  was  sampled 
at  50  MHz  to  obtain  the  complex  sample 
sequence  with  5  bit/sample. 

2.1  Raw-data  characteristics 

The  CNES-Toulouse  raw-data  CCT's  contained 
records  of  14648  bytes;  each  record  is 
subdived  in  7  sub-records  of  2092  bytes  and 
other  4  header  bytes.  Each  sub-record  has  a 
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92  bytes  header  and  2000  bytes  of  data. 

Fig.l  gives  an  example  of  the  raw-data  before 
di  azimuth  compression  relative  to  the  flight 
of  June  26th  (0P4211HH). 

In  the  azimuth  direction  the  useful  Doppler 
band  and  PRF  were  reduced  by  a  factor  of  8 
using  a  filtering  (presummer)  that  degraded 
the  theoretical  azimuth  resolution  of  0.5  mt 
to  about  4  mt. 


Fig.l  AGRISRR  Raw-data,  range 
compression  on  board  (corner  reflectors 
window) 

2.2  Azimuth  compression 

The  azimuthal  presumm  cancelled  the 
information  relative  to  the  frequency  Doppler 
centroid  (fdc)  as  verified  by  means  of  the 
clutterlock  algorithm.  As  consequence  only 
the  Doppler  rate  (fdr)  could  be  extracted 
from  the  raw-data  in  order  to  obtain  the 
Doppler  information  [2,3]. 

The  knowledge  of  the  fdr  has  to  be  as  precise 
as  possible  to  focus  accurately  an  airborne 
SAR  image.  Unfortunately  the  fdr  itself  is 
strongly  dependent  on  the  flight  geometry  and 
varies  from  near  to  far  range  [4],  requiring 
the  fdr  determination  and  updating  in 
function  of  the  corresponding  range  gate.  In 
our  processing  the  precise  fdr  behaviour  has 
been  obtained  by  means  of  a  very  accurate 
geometrical  model  and  an  autofocus  procedure, 
[1,4],  as  shown  in  fig. 2. 

The  results  show  an  fdr  linearly  varyng 
between  -108  Hz/s  and  -90  Hz/s  on  the 
selected  azimuthal  lines. 

Fig. 3  reproduces  the  same  area  in  fig.l  after 
the  focusing.  Part  of  our  focused  image, 
containing  a  cross-like  array  of  corner 
reflectors  (C.R.s)  is  shown  in  fig. 4  in 
comparison  with  the  same  area  processed  by 
the  ONES. 

3.  QUALITY  CHECK  OF  PROCESSED  IMAGE 

A  first  level  quality  check  of  a  SAR 
processed  image  can  be  performed,  in  general, 
by  means  of  radiometric  resolution  measures 
on  omogenous  extended  targets  and  geometric 
resolution  measures  on  artificial  point-like 
targets  such  as  C.R.s  [4,5]. 

In  our  case,  the  radiometric  characterization 
of  the  single  look  processed  image,  fig. 3, 
has  been  carried  out  by  measuring  the 


Fig. 2  Fdr  behaviour  as  obtained  by  means 
of  the  autofocus  procedure  and  lineat 
fitting  result  of  the  experimental  values 
(indicated  with  "D") 


Fig. 3  Result  of  azimuth  compression 


Fig. 4  Top:  cross-array  image  processed 
by  our  processor;  bottom:  cross-array 
image  processed  by  CNES 


radiometric  resolution  y  ,  defined  as: 

y  =  10  Log  (  1  +  o/ii  )  (1) 

where  /f  is  the  average  value  of  the  levels 
distribution  (intensities)  on  uniform  areas 
and  a  is  the  related  standard  deviation. 

The  obtained  value  is  /  =  2.976  +  0.092  dB. 
This  result  is  in  excellem;  agreement  with 
the  expected  value  of  3.010  dB,  [6]. 
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The  geometric  resolution  measures  have  been 
obtained  form  the  response  of  C.R.s  array 
aligned  along  the  azimuth  and  range 
direction. 

Furthermore,  the  Peak  Side  Lobe  Ratio  (PSLR) 
has  been  measured  for  a  better  check  of 
focusing  process.  The  results  are  reported 
in  tab. 2,  in  tab. 3  the  corresponding  results 
on  the  CNES  processed  image  are  also 
reported.  In  such  tables  Rsr  and  Ra  are  the 
slant-range  and  azimuth  resolution 
respectively.  By  compairing  the  two  set  of 
measures,  it  can  be  observed  that  the  value 
of  geometric  resolution  are  in  good  agreement 
with  our  image,  showing  a  smaller  variance 
with  respect  to  the  CNES  image. 

However,  it  must  be  pointed  out  that  the 
obtained  Rsr  and  Ra  values  are  not  as  good  as 
one  could  expect  from  the  theory  that  gives 
Rsr  c  3  m  and  Ra  =  4  m  as  limit  values.  A 
possible  explanation  is  the  influence  of: 
the  analogic  compression  and  sampling 
procedure  utilized  for  the  range  processing, 
the  true  aircraft  speed  varations  and  the 
azimuthal  profiltering  (presumm).  In  fact, 
it  should  be  considered,  for  the  range 
direction,  that  the  trasmitted  signal 


Rsr 

PSLR 

Ra 

PSLR 

[m] 

CdB] 

[m] 

[dB] 

CRl 

4.528 

9.117 

4.305 

10.272 

CR2 

4.315 

13.268 

4.406 

7.295 

CR3 

4.6n 

11.041 

4,339 

10.950 

CR4 

4,162 

14.483 

4.345 

12.225 

CR5 

4,077 

8.908 

4.641 

13,287 

CR6 

4.518 

10.443 

4.401 

8,330 

CR7 

5.108 

0.941 

4,670 

7.972 

CR8 

3.657 

8.937 

4.387 

13.054 

CR9 

4.984 

6.279 

4.138 

3.886 

CRIO 

4.919 

2.531 

4.288 

10.032 

CRll 

4.535 

7.371 

i.425 

8.346 

<  > 

4.50 

8.5 

4.395 

9.6 

err. 

0.13 

1.2 

0.046 

0,8 

Tab.  2 

Measurements  result  on  our  image 

Rsr 

PSLR 

Ra 

PSLR 

[m] 

[dB] 

[m] 

[dB] 

CRl 

4.868 

11.912 

6.371 

12,342 

CR2 

5.916 

10.376 

4.947 

13.887 

CR3 

5.756 

13.312 

4.796 

8.695 

CR4 

5.407 

16.151 

2,914 

6.999 

CR5 

4.138 

5,654 

7.517 

4.982 

CR6 

4.769 

9.960 

2.756 

5.096 

CR7 

5,085 

7.058 

2.639 

5.879 

CR8 

5.700 

6.706 

2.956 

4.913 

CR9 

5.346 

3.694 

5.893 

12.265 

CRlO 

- 

- 

- 

CRll 

7.472 

7.114 

3.001 

4.340 

<  > 

5.45 

9.2 

4.4 

7.9 

err. 

0.28 

1.2 

0.6 

1,1 

Tab. 3  Measurements  result  on  CNES-image 


bandwidth  was  67  MHz  and  the  sampling 
occurred  at  50  MHz  [1,7];  therefore  as  a 
consequence  the  signal  bandwidth  after  the 
SAW  was  reduced  and  the  measured  Rsr  =  4,5  m 
indicates  that  effective  bandwidth  was 
33  MHz. 

Concerning  the  processing  in  azimuth,  it  has 
been  verified  experimentally  that  the 
presumming  filter  bandwidth  is  not  larger 
then  25  Hz;  with  such  value  the  maximum 
achievable  azimuth  resolution  is  4  m  in 
agreement  with  the  measured  values. 

4.  SPECKLE  REDUCTION 

The  adopted  approach  to  speckle  reduction  is 
based  on  the  "multilook"  or  "subaperturing" 
technique.  Same  indlpendent  images  (looks) 
of  the  same  scene  have  been  produced  by  using 
a  limited,  without  overlap,  part  of  the 
synthetic  aperture;  this  implies  that  looks 
have  a  limited  doppl er  bandwidth  and  hence  a 
degraded  spatial  resolution  [6].  The  look 
extraction,  [5],  operates  in  the  frequency 
domain  and  uses  data  already  focussed  in 
azimuth.  In  particular,  N  looks  are  obtained 
by  subdividing  the  azimuthal  spectrum  in  H 
segments  with  a  band-pass  filtering 
operation,  the  applied  filter  is  N  times  ad 
hoc  shifted. 

Processing  wuth  full  geometric  resolution  and 
N  =  2,3,4  has  been  done,  for  each  set  of  data 
the  radiometric  resolution  has  mesured, 
according  to  ( 1 )  and  compared  with  the 
expected  value,  (tab.4).  The  presence  in  the 
scenes  of  C.R.s  enabled  us  to  verfy  also  the 
degradation  of  the  azimuth  resolution  with 
the  increasing  N  of  looks  (tab.4). 

The  experimental  results  are  in  good 
agreement  with  the  predicted  values,  so  it 
can  be  concluded  that  our  processor  does  not 
introduce  any  significant  bias  on  the 
raw-data. 

A  further  test  of  the  processor  is 
illustrated  in  fig. 5,  where  for  a  four  looks 
the  standard  deviation  values  are  plotted  in 
function  of  the  average  reflectivity  value 
for  extended  targets,  resulting  fit  is  linear 
and  its  slope  value  is  in  agreement  with  the 
expected  value. 


Theoric 

[dB] 

Experimental 

[dB] 

R.az. 

[m] 

N  =  1 

3.010 

2.997  +  0.083 

4.40 

N  =  2 

2.323 

2.283  +  0.034 

8.83 

N  =  3 

1.979 

1.978  +  0.030 

13.29 

N  =  4 

1.761 

1.774  +  0.024 

17.56 

Tab.4  Behaviour  of  the  radiometric  and 
geometrical  resolution  versus  N  (number 
of  look)  as  evaluated  on  our  Image 


5.  RADIOMETRIC  CALIBRATION 

A  radiometric  calibration  has  been  attempted 
using:  the  echo  signal  from  C.R.s  deployed 

on  the  test-site  on  the  test-site;  the 
backscattering  coefficient  of  known  extended 
target;  the  antenna  elevation  gain  model, 
[8]. 

The  aim  has  been  the  extraction  of  o  for 
extended  homogenous  targets  from  the 
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Fig. 5  Result  of  linear  fitting 
(4-looks  AGRISRR  image) 


corresponding  SAR  power  image.  Because  the 
SAR  imagery  is  a  scaled  and  sampled 
representation  of  the  received  power,  the 
first  step  has  been  the  determination  of  the 
relationship  between  the  grey  level  AN  on  the 
image  and  the  received  power.  Considering 
y  =  a®/cos0  as  the  radar  cross  section 
(R.C.S.)  per  projected  resolved  area,  f9], 
and  <An>  the  average  grey  level  the  equation 
used  for  calibration  has  been: 

y  =  <AN>  /  [  K  GoH  F'(R)  ]  (2) 

where:  K  is  considered  constant  over  the 

extended  target  and  contains  scaling  factor, 
SAR  parameters  and  geometric  resolution;  Go is 
the  antenna  gain  at  center  beam;  F'(R)  the 
normalizing  function  determined  by  modeling 
the  antenna  pattern  and  varies  with  the 

slant-range  value;  H  is  the  aircraft 

altitude.  The  constant  K  has  been  computed 
from  the  point  target  (C.R.)  AN.  In  this 

respect  it  has  been  preferred  to  integrate 
the  response  of  C.R.s,  assuming  their  R 

dlpendence,  ruther  than  using  the  peak  value 
[10],  because  the  total  C.R.  reflected 
energy  results  to  be  Indlpendent  of  focus 
variations  in  the  SAR  processor,  random  phase 
varations  in  the  reflector  and  multilooking. 
By  applying  this  calibration  procedure  to  the 
CNES  slant-range  images  (fig, 6)  it  appear  an 
overcompensation  in  the  middle-near  range 
areas  probably  due  to  processing  and  pour 
modelling  of  the  antenna  pattern. 


Fig. 6  Gamma  profile  in  range  (PRV211) 


6.  TEXTURE  ANALYSIS 

The  investigation  of  new  methods  of  data 
processing,  such  as  texture  analysis, 
finalized  to  land  cover,  land  use 
discrimination  for  thematic  maps  production, 
is  "one  of  the  primary  objectives  of  the 
European  Campaign  "Agrisar  86",  [7].  In 

order  to  fulfill  this  goal,  the  SAR  images 
corresponding  to  the  HH  and  VV  polarization 
of  the  June  26th  and  July  16th  acquisition 
flights  over  the  Italian  testslte,  have  been 
analysed.  For  each  image  some  fields 
corresponding  to  three  selected  crop  types 
(ready  for  harvest  wheat,  sugarbeet  and 
grass)  have  been  identified  and,  for  each 
field,  statistical  characteristics,  both  in 
terms  of  first-order  statistics  (mean  and 
standard  deviation  of  intensity  values),  and 
in  terms  of  second  order  textural  features, 
have  been  collected. 

6.1  Testsite  description 

The  Italian  testsite  covers  an  area  (known  as 
"Oltrepo'  Pavese")  of  about  100  sq.  Km, 
located  on  a  region  of  primary  agricultural 
use,  within  the  Upper  Po  Valley,  From  a 
morphological  point  of  view,  mostly  of  the 
overall  area  lies  in  a  flat  region, 
chracterized  by  intensive  land  use  practices; 
in  this  subpart  are  located  the  fields  under 
Investigation. 

From  a  thematic  point  of  view,  a  large 
variety  crops  can  be  found  (near  30  different 
crops,  including  wheat,  corn,  sugarbeet, 
vegetables,  grass,  vineyard  and  so  on). 

The  average  field  size  is  small,  tlplcally 
less  than  1  ha.  The  last  two  features  are 
well  representative  of  the  overall  Italian 
land  use  situation. 

The  attention  of  our  investigation  has  been 
focused  on  a  rectangular  area  of  1*2  Km: 
this  sub  area  was  selectd  for  the  large  mean 
crops  extension,  in  order  to  facilitate  the 
comparison  between  the  ground  truth, 
represented  by  a  crop  map  at  1:10,000  scale 
and  the  SAR  Images. 

6.2  Texture  characterization 

Following  the  ground  truth  map,  IS  training 
fields  have  been  selected  on  the  SAR  images. 
More  specifically  has  been  possible  to 
Identify  5,6  and  7  field  for  wheat,  grass  and 
sugarbeet  crops,  respectively. 

For  each  field,  in  tab, 5,  are  reported  the 
number  of  pixels,  the  mean  intensity  , 
expressed  in  digital  counts,  and  the 
associated  standard  deviation,  relatively  to 
the  HH  polarization  for  the  June  26th  image. 
The  intensity  values  show  a  large  degree  of 
overlapping,  i.e.  the  variance  of  a  crop 
signature  is  comparable  with  the  distance 
between  two  different  crops.  Moreover,  in 
the  last  column  of  the  tab. 5,  the  normalized 
variance  values  (ratio  between  variance  and 
the  square  mean)  are  reported.  These  values 
essentially  match  the  value  of  0.273  expected 
[2]  to  explain  the  variance  duo  to  the 
speckle  for  an  1-look  intensity  radar  image. 
For  this  reason,  a  4-look  image  has  been 
generated:  the  corresponding  statistical 

features  are  shown  in  tab. 6,  for  each  field. 
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FIELD] 

FIX  #  1 

MEAN  1 

ST. DEV. 1 

(.a/nf 

W1 

703 

55.56 

31.40 

.320 

W2 

607 

61.82 

36.13 

.341 

W3 

645 

70.54 

41.35 

.344 

W4 

816 

76.12 

41.37 

.295 

W5 

904 

74.31 

39.57 

.283 

G6 

448 

78.48 

43.14 

.302 

G7 

586 

89.10 

47.42 

.283 

G8 

324 

76.69 

44.12 

.330 

G9 

394 

74.82 

42.25 

.319 

GIO 

437 

118.78 

62.01 

.272 

Gll 

349 

97.08 

51.99 

.287 

S12 

1108 

104.47 

58.01 

.308 

S13 

966 

112.26 

58.00 

.267 

S14 

743 

121.83 

62.98 

.267 

S15 

1787 

118.60 

63.29 

.285 

S16 

1142 

124.05 

64.02 

.266 

S17 

1571 

127.62 

66.12 

.268 

S18 

647 

124.00 

61.13 

.243 

Tab. 5  Statistical  features 
for  June  26th  HH  1-Look  image 


FIELD] 

FIX  #  1 

MEAN  1 

ST. DEV. 1 

(a/tlf 

W1 

703 

57.32 

28.81 

.253 

W2 

607 

61.09 

33.50 

.301 

W3 

645 

76.11 

37.84 

.247 

W4 

816 

79.25 

39.29 

.246 

W5 

904 

80.57 

38.94 

.234 

G6 

448 

81.65 

40.10 

.241 

G7 

586 

99.44 

43.77 

.194 

G8 

324 

82.59 

38.52 

.217 

G9 

394 

83.76 

40.54 

.234 

GIO 

437 

149.64 

52.01 

.121 

Gll 

349 

106.20 

43.21 

.166 

S12 

1108 

117.38 

56.33 

.230 

S13 

966 

128.50 

55.37 

.186 

S14 

743 

145.82 

54.72 

.141 

S15 

1787 

139.00 

57.35 

.170 

S16 

1142 

143.97 

57.67 

.160 

S17 

1571 

147.57 

56.68 

.147 

S18 

647 

143.44 

56.12 

.153 

Tab. 6  Statistical  features 
for  June  26th  HH  4-Look  image 

In  the  case  of  a  4-look  image,  the  expectd 
speckle  dependent  normalized  variance  is 
0.273/4=0.068:  the  values  shown  in  the  last 

column  of  tab. 6  are  clearly  larger,  revealing 
that  the  intrinsic  spatial  variability,  i.e. 
the  "texture"  dependent  information, 
predominates  when  the  speckle  is  reduced  by  a 
multilooking  processing.  In  order  to  give  a 
quantitative  measurement  of  the  texture 
associated  to  each  crop  type,  the  second 
order  Gray  Level  Co-occurrence  Matrix  (GLCM) 
method  has  been  adopted. 

For  each  field,  the  co-occurrence  matrices 


have  been  computed  for  two  main  directions 
(range  and  azimuth)  and  for  ten  inter-pixels 
distances  d  (ranging  from  1  to  ten).  From 
each  co-occurrence  matrix  two  parameters  have 
been  extracted:  the  Contrast  (CON)  and  the 
Angular  Second  Moment  (ASM).  In  fig. 7  and  8, 
the  values  of  Contrast  in  range  and  azimuth 
direction  are  reported  versus  d,  for  the 
three  analyzed  crops. 

In  fig. 8,  the  effect  of  redundancy  due  to  the 


Fig. 7  Contrast  values  in  the  range 
direction  versus  inter-pixel  distance 
for  June  26th  HH  4-Look  image 


Fig. 8  Contrast  values  in  the  azimuth 
direction  versus  inter-pixel  distance 
for  June  26th  HH  4-Look  image 

4-looks  processing,  is  well  emphasized, 

corresponding  to  low  values  for  contrast  in 
azimuth  direction  and  for  an  inter-pixels 

distance  loss  than  4.  In  fig. 9  the 

distribution  of  the  18  fields  is  shown,  with 
respect  to  the  values  of  CON  and  ASM  copmuted 
in  azimuth  direction,  for  a  inter-pixels 

distance  equal  to  5.  In  order  to  give  a 

numerical  estimate  of  the  separability 

between  different  crop  types,  achievable 

using  textural  segnatures,  the  distance  D  has 
been  introduced: 

D(i,j)=|M(i,k)-M(d,k)|/(S(i,k)+S(j,k))  (3) 

where  M(i,k)  and  S(i,k)  refer  to  the  mean  and 
standard  deviation,  computed  on  a  per-field 
base,  of  the  feature  kth  for  the  ith  class. 
The  values  of  D  for  the  wheat,  sugarbeet  and 
grass  cultures  are  reported  in  tab. 7, 
relatively  to  the  first  order  mean  intensity 
values  and  the  second  order  CON  and  ASM 
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features. 

The  co-occurrence  matrix  parameters  are 
computed  for  two  directions  and  at  a  distance 
of  5  pixels.  Two  main  conclusions  can  be 
extracted,  looking  at  this  table: 
preprocessing,  such  as  multilooking 
tecniques,  can  greatly  influence  the  features 
extraction  step;  the  statistical  separability 
achievable  between  different  crops  is 
slightly  better  when  computed  starting  from 
second  order  segnatures;  in  other  words,  the 
texture  dependent  characteristics,  such  as 
those  extracted  from  co-occurrence  matrices, 
can  usefully  improve  the  process  of  land  use 
classification  using  SAR  image. 


U 


90 


Fig. 9  "Textural"  Characterization  of 
crop  fields  for  June  26th  HH  4-Look 
Image 
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ABSTRACT 

A  simulation  of  different  radar  imagery  of  sea  ice  representing 
helicopter  altitutes  has  been  conducted,  based  on  data  collected 
from  a  high  altitude  fine  resolution  SAR.  The  purpose  of  the 
study  was  to  provide  a  first  ievel  of  imagery  to  be  used  in  defining 
the  best  tactical  sensor  to  be  placed  aboard  Coast  Guard 
helicopters.  The  first  part  of  the  study  evolved  an  empirical 
relationships  between  ice  reflectivity  and  incidence  angle  based  on 
data  from  the  SAR  at  9100  and  1500  m  altitude,  llie  compromise 
between  real  aperture  radars  (SLAR)  and  SARs,  when  flown  at 
low  altitudes  was  then  studied.  It  was  found  that  an  X-band 
SLAR  with  a  3  metre  antenna  produced  imagery  with  a  useful 
swath  width  of  IS  km  when  an  altitude  of  1000  m  was  assumed. 
A  SAR  at  the  same  altitude  had  an  effective  swath  width  that  was 
approximately  the  same.  Similarly  a  PPI  type  radar  with  an 
antenna  length  of  Imetre  was  found  to  produce  an  optimum 
image,  if  a  near  angle  cutoff  of  35'  was  assumed.  An  altitude  hole 
becomes  bothersome  at  higher  aititudes,  limiting  the  image  utility 
and  the  far  range  data  have  poor  resolution  with  the  PPI  style, 
short  antenna. 

1.0  Introduction 

Ice  reconnaissance,  using  fine  resolution  airborne  SAR  systems 
has  become  the  accepted  standard  for  both  operational  and 
research  needs.  The  all  weather  performance  of  radar,  combined 
with  the  abiiity  of  SAR  to  match  the  resolution,  swath  width  and 
data  rate  to  the  needs  and  means  of  the  user,  has  made  SAR  the 
ideal  ice  reconnaissance  sensor.  SAR  systems,  such  as  the  dual 
sided  CIRS  (Mercer  et  al,  these  proceedings)  provide  operational, 
wide  area  coverage,  from  high  altitude  aircraft.  These  data  are 
useful  for  both  strategic  and  tactical  navigation  purposes,  but  have 
a  rather  short  useful  lifetime  for  close  tactical  support  in  moving 
ice  conditions.  It  is  therefore  desirable  to  provide  ships, 
navigating  in  ice  infested  waters,  with  real  time  information, 
similar  to  that  available  from  SAR  for  close  tactical  support. 

In  the  past,  close  tactical  information  has  been  available  to  a  ship's 
crew  from  the  ship's  radar,  and,  if  available,  from  the  ship's 
helicopter  pilot  or  ice  observer  The  ship's  radar,  at  heights  above 
ice  typicaliy  less  than  30  metres,  is  not  able  to  image  the  ice 
beyond  ranges  of  a  few  km.  Further,  the  range  and  angular 
resolutions  are  not  typically  adequate  for  a  high  quality  image  of 
thf  icc  Visual  reporting  from  a  helicopter,  v/hile  very  asefi!!,  is 
limited  to  conditions  of  good  visibility,  and  provides  no  permanent 
record  that  can  be  used  for  interactive  decision  making  on  board 
the  ship  The  solution  that  would  seem  to  present  itself  to  those 
operators  that  cany  helicopter  is  to  equip  them  with  imaging  radars 
that  return  the  images  to  the  ship,  either  as  a  record,  or  on  a 
telemetry  link. 


Helicopters  are  not  an  ideal  platform  for  an  imaging  radar,  as  they 
fly  too  low,  and  often  fly  with  highly  variable  ground  speeds  and 
direetions.  SAR  systems  that  require  very  controlled,  lin^  flight 
lines,  require  extensive  motion  compensation  to  fly  on  helicopters. 
SARs  are  also  heavy  and  expensive,  even  in  the  versions  intended 
for  fixed  wing  aircraft.  'The  more  serious  problem  is  the  rather 
low  altitudes  at  which  helicopters  typically  fly.  This  means,  that 
for  any  significant  swath  width,  the  angle  of  incidence  of  the  radar 
energy  at  the  ice  surface  can  be  very  shallow. 

Provided  the  illumination  angle  of  the  radar  is  kept  in  the 
mid-angles,  the  reflectivity  of  sea  ice  is  very  nearly  constant,  and 
imagery  is  easily  interpreted.  At  very  steep  or  very  shallow 
illumination  angles,  the  reflectivity  is  a  strong  funcuon  of  both  the 
angle,  and  the  type  of  ice.  At  shallow  angles,  ice  that  is  not 
deformed,  and  therefore  being  viewed  at  what  is  effectively  a 
steeper  angle,  becomes  nearly  a  specular  reflector,  and  the 
illuminating  energy  is  reflected  away,  and  not  returned  to  the 
radar.  As  a  result,  undeformed  ice  becomes  invisible  to  radar  at 
very  shallow  angles.  The  angle  at  which  ice  starts  to  become  a 
very  poor  reflector  is  a  function  of  both  the  salinity  and  the  details 
of  the  surface  morphology  of  the  ice.  The  significance  of  this  for 
helicopter  reconnaissance  is  that  unless  the  craft  is  flown  at  very 
high  altitudes,  the  energy  returned  from  the  far  edge  of  the  swath 
will  come  exclusively  from  deformed  ice.  Thus  either  the 
helicopter  must  be  flown  at  very  high  altitudes  or  the  swath  widths 
kept  to  very  narrow  ranges  to  generate  useful  ice  information. 

Since  the  purpose  of  the  helicopter  radar  is  to  provide  close  range, 
tactical  information,  keeping  the  swath  width  restricted  is  not  a 
severe  limit.  If  one  accepts  that  the  radar  will  be  restricted  to  low 
altitude  by  its  operating  capabilities,  and  the  swath  width  will  be 
kept  restricted  by  the  physics  of  the  radar-ice  interaction,  then  the 
possibility  of  substituting  a  SLAR  or  a  Search  type  radar  for  the 
SAR  presents  itself.  The  prime  advantage  of  the  SAR  is  the  ab^ty 
to  m.'untain  constant  resolution  over  wide  swaths.  If  there  is  a 
restricted  swath  due  to  the  physics,  this  capability  could  well  be  of 
little  advantage.  The  degradation  at  far  ranges  seen  in  real 
aperture  radars  may  not  be  serious  for  narrow  swath  radars  used 
for  helicopter  reconnaissance  in  a  close  tactical  support  role. 

To  investigate  the  compromises  involved  in  choosing  a  helicopter 
radar,  INTERA  undertook  to  provide  the  Canadian  Coast  Guard 
V'ith  2  series  of  sirnulstcd  smsges  ih2t  would  hsvc  the  'look  2nd 
feel’  of  the  imagery  that  would  be  expected  from  a  helicopter 
borne  radar,  flown  at  low  altitudes  (10(X)  to  10000  feet  ASL). 
The  basis  for  the  simulation  was  SAR  imagery  that  was  filtered 
and  processed  to  represent  data  collected  from  radars  flown  at 
lower  altitude.  Three  types  of  radars  were  simulated,  a  low 
altitude  SAR,  a  SLAR,  and  a  Search  or  PPI  type  radar.  The  SAR 
simulation  consisted  of  modifications  to  the  data  to  simulate  the 
lower  altitude,  and  therefore  the  more  shallow  illumination  that 
would  be  obtained  from  a  helicopter.  The  SLAR  simulation  was 
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applied  over  the  SAR  simulation  and  consisted  of  a  variable  low 
pass  spatial  filter  used  to  simulate  the  degraded  resolution 
associated  with  a  real  aperture  system.  The  PPI  simulation 
combined  the  radiometric  and  geometric  simulations  of  the  SAR 
and  SLAR  simulations,  but  with  the  antenna  assumed  to  be 
rotating  above  the  image. 

2.0  Data  Set  Used 

In  November  1988,  the  INTERA  STAR-1  system  was  mapping 
ice  in  Lancaster  Sound.  Data  were  selected  for  further  study ,that 
contained  a  wide  mix  of  ice  types,  including  newly  forming  ice, 
thicker  first  year  ice,  and  old  ice  that  appeared  to  consist  of  both 
second  year  and  multi  year  ice.  The  data  were  collected  at  9100  m 
(30,000  feet)  altitude,  with  the  radar  in  the  wide  swath  mode.  In 
this  mode  the  radar  has  an  effective  swath  width  of  46  km,  with  a 
range  pixel  size  of  approximately  12  metres.  The  incidence  angle 
varied  from  33*  at  the  near  edge  of  the  swath  to  8*  at  the  far  edge 
of  the  swath.  The  azimuth  (along  track)  spacing  of  the  data  lines 
was  reduced  in  processing  from  4  to  12  metres  to  both  give  'near 
square'  pixels,  and  to  reduce  the  effects  of  coherent  fading  or 
'speckle'.  A  scene  of  4096  lines  by  4096  pixels  was  selected 
from  the  data  to  be  studied  and  is  shown  in  Figure  1. 

Two  days  later,  a  second  pass  was  made  over  the  area  of  interest, 
using  the  same  flight  line,  at  an  altitude  of  1 524  meues  (5000  feet) 
with  the  radar  operated  in  the  fine  resolution  mode.  This  provided 
a  calibration  altitude  image  set  to  develop  the  empirical  transfer 
function.  In  this  mode,  the  range  pixel  size  is  6  metres,  giving  an 
effective  swath  width  of  23  km.  Tlie  incidence  angle  varied  from 
7*  at  the  near  edge  of  the  swath  to  2.4*  at  the  far  edge  of  the 
swath.  The  data  were  studied  with  the  line  spacing  of  4.2  metres. 


W'  23.3  19.4  16.6  14J  12.8  tl.5  10.5  9.6  8.8  8.2  7.8 


4096X4096  pixels  shown.  Actual  Altitude  =  9100  m 


3.0  SAR  Simulations 

To  simulate  an  airborne  SAR  flying  at  a  lower  altitude,  it  is 
necessary  to  have  a  model  of  the  rellcctivity  of  sea  ice  as  a 
function  of  both  ice  type  and  angle.  The  radar  reflectivity  of  sea  ice 
is  a  strong  function  of  the  angle  of  illumination.  This  is 
particularly  uue  at  very  shallow  angles  which  are  typical  of  marine 
radars  (incidence  angles  between  0  and  3‘).  While  considerable 
data  are  available  on  the  reflectivity  of  sea  ice  at  angles  typical  of 
satellite  or  airborne  radars  (Ulaby  and  Dobson,  1989),  there  have 
been  very  few  experiments  that  have  provided  quantitative 
reflectivity  data  at  these  shallow  angles. 


To  apply  a  reflectivity  model  to  the  different  ice  types  require  a 
means  of  classifying  the  data  into  ice  types  that  exhibit  different 
angular  reflectivitiy  charecteristes.  'There  have  been  several 
attempts  to  classify  ice  based  on  a  single  frequency  and 
polarization,  namely  X-band,  HH.  These  attempts  have  been 
largely  unsuccessful,  however  because  the  ice  types  have 
significant  overlap  in  their  reflectivity.  The  data  set  shown  in 
Figure  1  was  examined  to  assess  the  separability  of  ice  by 
category,  based  solely  on  X-HH  reflectivity.  It  was  noted  that 
there  was  significant  overlap  in  reflectivity  between  Old  Ice  and 
Second  Year  Ice  as  well  as  with  younger  ice  forms  such  as  ridges 
and  nibble  and  even  with  new  leads  covered  with  frost  flowers. 
As  it  was  beyond  the  scope  of  this  study  to  examine  tonal-textural 
and  other  more  complex  classifiers,  a  very  simple  tonal  classifier 
was  used.  It  can  be  argued  that  the  results  of  the  simulation,  while 
reduced  in  scientific  validity  by  this  simplification,  will  still  ser\c 
their  intended  purpose,  to  show  the  type  of  imagery  that  such 
radar  systems  would  generate. 

'The  reflectivity  model  used  was  to  classify  the  ice  based  on  a 
simple  density  cut,  and  to  treat  each  class  with  a  separate  roll-off 
curve  with  the  incidence  angle  0.  Tlie  curve  took  the  form: 

If  0  <  Cutoff  Angle  Xom  5=  Gain  *  Xj^ 

If  0  k  Cutoff  Angle  Xom  =  Gain  *  Xj,,  (255  **  (- 1  '*D  *8)) 

where  S  =  (  0  -  0co)/(9O*  -  0co) 

i.e.  linear  0  to  1  for  90*  £  0  ^  0co 
where  for  each  intensity  range,  the  Cutoff  Angle  (0co)>  Gain  (G), 
and  Decay  Coefficient  (D),  were  specified.  The  values  were 
chosen  by  uial  and  error,  based  upon  experience  with  SLAR,  and 
Marine  Radars,  and  by  comparison  of  the  data  sets  collected  at  an 
altitudes  of  1524  metres  and  9100  metres. 

The  rational  behind  the  cutoff  angle  portion  of  this  algorithm  is  as 
follows:  It  has  been  noted  that  the  reflectivity  of  ice  begins  to  fall 
off  rapidly  at  some  angle  between  0  an  10*  ineidence,  and  that  this 
exact  angle  is  a  function  of  the  ice  type.  For  first  year  ice  and 
young  ice  forms  such  as  leads  covered  in  frost  flowers,  this  angle 
tends  to  be  between  5  and  7*.  For  older  ice  it  is  more  shallow, 
occurring  at  3  to  5*.  For  ridges  and  other  'deformed'  ice  types, 
the  falloff  occurs  near  to  0*.  Assuming  for  the  moment  that  simple 
reflectivity  could  distinguish  between  these  categories,  a  cutoff 
angle  is  assigned  to  each  intensity  range.  The  simulation  consists 
of  calculating  the  applicable  angle,  and  applying  the  calculated 
coefficient. 

The  Decay  coefficient  determines  the  speed  of  falloff  of  reflectivii> 
after  the  cutoff  angle  has  been  reached.  Again,  this  is  based  on 
observations  of  Marine  radar  data,  more  than  on  published 
statistics,  and  was  arrived  at  in  an  empirical  fashion.  The  values 
used  were  arrived  at  by  comparing  filtered  versions  of  Figure 
Iwith  data  from  the  low  altitude  pass. 

The  decision  to  apply  Gain  to  certain  categories  is  based  again  on 
observations  of  marine  radar  data.  Features  such  as  ridges,  large 
rubble  fields  and  icebergs  often  exhibit  a  marked  increase  in 
reflectivity  at  very  shallow  angles,  relative  to  the  average 
reflectivity  of  the  scene.  Again,  the  value  of  the  gain  used  was 
calibrated  against  the  data  collected  at  1500  and  9100  m  altitude. 

The  values  used  in  the  simulation  are  relative  to  the  data  in  Figure 
1.  The  STAR-1  radar  is  not  calibrated  to  an  absolute  radiometric 
standard,  although  it  has  been  shown  to  be  possible  to  do  relative 
calibration.  Therefore  the  values  arrived  at  in  this  simulation  have 
little  external  relevance  but  the  coefficients  used  have  been 
tabulated  below  for  reference. 
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1.3 
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Figure  4  'Hiis  slmuUlcd  PPI  image  liaa  an  tssumol  antenna  length  of  1  meuc, 
[Aiid  a  near  range  incidence  angle  of  35*.  Simulated  Altitude  g  100m 


4.0  Observations  on  the  SAR  Simulations. 

The  simulations  used  are  onl;^  approximate,  and  in  the  absence  of 
a  better  ice  classifier,  there  will  be  errors  in  the  Ueaimcnt  of  some 
ice  features.  However,  the  overall  effects  are  quite  reasonable, 
and  provide  a  graphic  display  of  the  results  of  lower  altitudes.  By- 
calibrating  the  simulation  with  the  SAR  data  at  1500  m  altitude, 
and  with  marine  radar  imagery  (net  of  the  same  area),  a  good 
representative  simulation  has  been  obtaincd.Tlie  simulations 
therefore  represent  a  suitable  means  of  limiting  the  amount  of 
flying  to  be  done  to  conduct  preliminary  tests  of  the  different 
styles  of  radars. 

As  the  opportunities  become  present  INTERA  will  be  collecting 
data  at  other  altitudes  to  further  verify  this  empirical  algorithm. 


4.1  Observations  on  the  SLAR  Simulations 

Before  the  simulations  started,  it  was  assumed  that  the  fall-off  in 
reflectivity  with  angle  would  dominate  the  utility  of  the  SLAR 
imagery  before  the  loss  of  along  track  resolution,  for  some 
antenna  lengths,  at  some  altitudes.  The  question  was  to  establish 
the  altitude,  and  antenna  length  compromise  which  was  most 
appropriate  for  the  helicopter  application.  Since  both  the  altitude 
and  the  antenna  length  have  distinct  practical  limits,  only  a  subset 
was  examined. 

For  an  altitude  of  100  m,  the  reflectivity  fall-off  clearly  dominated, 
and  even  for  an  antenna  length  of  1  mene,  the  SLAR  imagery  was 
not  seriously  degraded  in  utility  over  the  SAR  data.  For  an 
altitude  of  3000  metres,  the  azimuth  smearing  was  always 
apparent.  At  an  altitude  of  1000  metres,  both  the  1  and  2  metre 
antennas  showed  azimuth  smearing  dominated  before  the  loss  of 
reflectivity.  With  a  antenna  3  metres,  as  shown  above,  the  two 
effects  are  both  present,  and  a  usable  swath  width  of  10-15  km 
can  be  obtained.  For  a  helicopter  that  will  not  likely  be  more  than 
100  km  from  its  ship,  this  is  not  a  serious  limitation. 

4.2  Observations  on  the  PPI  Simulations 

With  an  altitude  of  3000  m,  it  was  observed  that  the  azimuthal 
smearing  always  inhibited  the  image  utility,  unless  the  unwieldy  2 
m  antenna  was  used.  At  1000  m  altitude,  the  1  m  antenna 
produced  a  usable  swath  width  of  5-10  km,  but  over  360*.  This 
area  coverage  gives  an  enhanced  impression  of  the  image  utility, 
by,  in  effect  doubling  the  area  coverage  compared  to  a  single  sided 
SLAR.  Further,  a  PPI  type  radar  covers  the  'hole'  under  the 
aircraft  by  looking  fore  and  aft. 

PPI  style  radars  can  be  used  on  the  helicopter  for  lice 
reconnaissance,  and  for  a  number  of  other  tasks  such  as 
navigation  and  search  and  rescue.  Since  this  is  beyond  the  scope 
of  the  current  study  to  address  all  these  operational  considerations, 
it  is  left  to  the  CCG  to  consider  which  raoar  best  suits  their  needs. 

4.4  Conclusions 

The  simulations  conducted  would  indicate  that  a  SLAR  or  PPI 
type  radar,  with  characteristics  similar  to  currently  available  units 
could  provide  a  local  ice  reconnaissance  capability  that  would,  for 
the  altitudes  typical  of  ship  based  helicopters,  be  of  similar  value 
to  SAR  imagery. 
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3.1  SLAR  Simulations 

The  SLAR  simulation  is  based  on  the  same  rcfle-livity 
assumptions  as  the  SAR  simulations.  The  difference  in  me  along 
track  resolution  however  was  simulated  by  having  a  range 
dependent  low  pass  filter  reduce  tiie  effective  resolution  of  the 
data.  Tlie  beamwidth  of  the  antenna  was  estimated  from  the  length 
of  the  antenna,  assuming  a  simple  un- weighted  antenna,  using  the 
fonntila; 

P  =  X+L 

where  X  =  Radar  Wavelength, 

L=  Antenna  Length,  and 

P=Tlie  effective  Antenna  Beamwidth  (in  Radians). 

The  length  of  the  low  pass  filter  used  in  the  along  track  diniension 
was  calculated  based  on  the  range  and  the  beamwidth,  using  the 
simple  fomiula; 

W  =  (R*p)  +  Pa 

where  W  is  tlie  filter  width  in  pixels, 

R  is  the  range  to  the  pixel  being  filtered,  and 
P^  is  the  SAR  pixel  size. 

The  data  were  then  filtered  with  a  simple  box  car  low  pass  filter  of 
this  size.  Tltis  resulted  in  a  rather  smeared  image  at  far  ranges,  for 
a  short  antenna.  For  example,  the  beamwidtli  of  a  1  metre  antenna 

at  X  band  (>,=3.2  cm)  is  0,032  radians  (1.8‘)  giving  a  resolution 
of  320  metres  at  a  range  of  only  10  km.  With  the  SAR  pixel  of  12 
metres  there  is  a  smearing  of  more  than  26  pixels. 

The  images  generated  for  the  SLAR  simulation  are  based  on  the 
same  data  simuhited  for  lower  altitudes  for  the  SAR  siniulations, 
but  with  the  low  pass  filter  applied.  An  example  of  the  simulation 
IS  shown  in  Figure  2.  H-.re  the  antenna  length  has  been  assumed  at 
3  metres,  and  the  altitude  at  1000  metres.  This  image  shows  that 
the  resolution  limit  of  the  SLAR  antenna  causes  considerable 
degradation  at  the  far  edge  of  the  image.  However,  before  the 
resolution  limit  becomes  very  serious,  the  loss  of  infomiaiion  due 
to  the  shallow  angles  begins  to  dominate.  Figure  3  shows  the 
opposite  set  of  conditions:  With  an  effective  antenna  length  of  1 
metre,  and  an  altitude  of  KKX)  metres,  the  data  smearing  due  to  the 
antenna  becomes  much  more  severe  before  the  loss  of  information 
due  to  the  reduced  reflectivity  at  far  range  becomes  a  problem. 


[0"^  3S3  93  S3  28  23  1  9  17  15  13  I.Z 


Figure  2  Simulalcd  SLAR  im.ige  usmning  an  antenna  of  3  metres  lenghi,  anti  a 
range  pixel  size  of  12  metres.  Simulated  Altitude  ~  1000  m _ _ 
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Figure  3  Simulated  SLAR  image  assuming  an  antenna  of  1  metre  length,  and  a 
range  pixel  size  of  12  metres  Simulated  Altitude  =  1000  m 

3.2  PFI  Simulations 


The  Simulation  of  the  PPI  radar  imagery  involved  the  application 
of  the  same  algorithms  developed  for  the  two  previous 
simulations,  but  with  tlie  scene  geometry  much  modified.  A 
helicopter  was  assumed  to  be  flown  down  the  centre  of  the  46  km 
wide  swath  of  SAR  data,  at  the  4  altitudes  selected  for  simulation, 
with  both  a  1  and  a  2  metre  antenna,  for  a  total  of  8  simulated 
scenes.  The  data  from  the  SAR  were  first  reduced,  by  simple 
averaging  to  24  X  24  metre  pixels,  both  to  make  the  computations 
more  tractable,  and  to  simulate  a  more  realistic  resolution 
cap.ability  for  tlie  PPI  radar. 

As  with  the  SAR  simulations,  the  intensity  of  the  returns  was 
calculated  on  the  basis  of  the  depression  angle,  and  the  scene 
intensity.  Tlie  depression  angle  to  be  used  was  calculated  from  the 
helicopter  location,  which  was  assumed  to  be  at  a  point  in  the 
centre  of  the  original  SAR  swatli.  The  higher  the  intensity  in  the 
source  SAR  data,  the  slower  the  return  was  assumed  to  fall  off 
with  angle,  as  described  in  Section  3.0.  Tlie  beamwidth  smearing 
associated  with  the  real  aperture  of  the  antenna  was  again  assumed 
to  be  the  result  of  a  simple  averaging,  but  not  along  a  suaight  line. 
Inste.ad,  the  averaging  took  place  along  an  arc  with  centre  at  the 
'helicopter',  and  with  a  radius  that  was  the  range  being  simulated. 
Figure  4,  is  a  simulation  of  a  PPI  at  an  altitude  of  100  m  with  a  1 
metre  antenna  .  As  with  the  SAR  and  SLAR,  it  was  assumed  that 
the  antenna  illumination  was  adequate  to  cover  the  swath  from 
approximately  30’  to  at  least  5*.  For  operational  radars,  this  is  a 
very  reasonable  assumption,  as  a  narrow  beam,  in  the  vertical 
dimension,  is  needed  to  make  the  system  perfonnance  compatible 
with  the  helicopter  operation.  This  angle  assumption  is  relatively 
unimportant  in  a  single  sided  SAR/SLAR  configuration. 
However,  for  the  PPI,  it  determines  the  size  of  the  'liole  in  the 
centre’.  At  tlie  higher  altitudes,  this  becomes  significant.  This  is 
apparent  in  the  image  shown  in  Figure  5,  where  the  altitude  is 
assumed  at  3000  m  and  the  antenna  is  assumed  to  be  1  metre  in 
iuigih.  Although  thi:  letuiiui  uie  liieic  fiuiii  a  iurge  area,  'uy  tile 
time  the  near  range  angle  cnterion  is  met,  the  antenna  smearing  has 
already  reduced  image  inteqiretability. 
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ABSTRACT 

The  experimental  airborne  synthetic  aperture  radar  sy¬ 
stem  (E-SAR)  is  under  development  at  the  Institut  fuer 
Hochfrequenztechnik  of  the  German  Aerospace  Research 
Establishment  (DLR) .  It  allows  the  study  of  the  SAR 
method  and  its  problems,  such  as  motion  error  correc¬ 
tion  and  overall  system  calibration.  The  sensor  is 
designed  to  operate  on  board  a  Dornier  DO  228  aircraft 
in  either  L-  or  C-band  (Horn,  1988) .  A  first  series  of 
flight  experiments  in  L-band  was  completed  successful¬ 
ly  in  spring  1988. 

The  C-band  system  installation  on  board  the  aircraft 
was  completed  in  October  1988  and  first  flight  experi¬ 
ments  were  carried  out  over  local  test  areas  in  the 
south  of  Germany.  The  C-band  front-end  represents  a 
first  step  towards  an  active  array.  The  amount  of 
quantization  and  saturation  noise  is  minimized  by 
adapting  the  received  signal  power  variation  to  the 
dynamic  range  of  the  A/D  converters.  Platform  attitude 
and  navigation  data  are  collected  and  recorded  on  high 
density  tape  (HDDT) . 

Keywords!  Airborne  SAR,  C-band  sensor,  active  array 
antennas,  motion  error  correction,  adaptive  AGC/STC, 
SAR  processing,  test  flight  results 


1 .  INTRODUCTION 

The  C-band  SAR  front-end  development  for  the  E-SAR  sy¬ 
stem  was  started  in  1986.  The  system  goals  were  a  new 
active  array  transmitter  design  to  replace  a  conven¬ 
tional  TWT-amplifier  and  the  internal  calibration  of 
the  sensor  hardware.  Two  separate  microstrip  array  an¬ 
tennas  are  used  for  transmit  and  receive  to  achieve 
low  direct  coupling  of  transmitted  energy  into  the  re¬ 
ceiver  chain.  Both  antennas  are  fixed  in  azimuth  di¬ 
rection.  Only  the  depression  angle  can  be  varied  me¬ 
chanically.  The  azimuth  antenna  beamwidth  is  wide  to 
prevent  unwanted  modulation  of  the  radar  signal  by  ya¬ 
wing  of  the  aircraft.  This  results  in  a  lower  antenna 
gain  and  a  high  pulse  repetition  frequency  (PRF),  re¬ 
quiring  a  high  data  rate  to  be  stored  on  HDDT.  The 
main  advantage  of  the  antenna  design  is  the  wide  Dopp- 
ler  spectrum,  which  is  necessary  for  the  motion  error 
correction  method,  we  apply  (J.  Moreira,  1989) . 

The  radar  is  presently  a  single  channel  system,  which 
accommodates  either  a  nadir  or  a  narrow  swath  imaging 
mode.  It  is  operated  at  rather  low  altitudes  ranging 
from  800  m  to  3500  m  above  ground.  An  adaptive  automa¬ 
tic  gain  control  (AGC) /sensitivity  time  control  (STC) 


subsystem  was  developed  to  match  the  received  signal 
power  variation  to  the  system's  instantaneous  dynamic 
range  given  by  the  ADC's  (Moreira,  Poetzsch,  1988). 
Platform  attitude  and  navigation  data,  necessary  to 
support  motion  error  correction  and  SAR  processing  on 
ground,  are  acquired  by  a  new  auxiliary  data  acquisi¬ 
tion  (ADA)  unit,  encoded  as  I/Q  video  data  and  stored 
on  HDDT. 

The  system  was  installed  on  board  the  DO  228  aircraft 
in  October  1988  for  first  test  flights.  It  overflew 
different  local  test  areas  in  the  south  of  Germany. 
The  SAR  image  presented  in  Fig.  3  shows  the  area  a- 
round  the  town  of  Sinningen  neat  Kellmuenz  a.d.  Illet 
about  30  km  south  of  the  city  of  Ulm. 

2.  E-SAR  C-BAND  SYSTEM  DESCRIPTION 

The  system  block  diagram  of  the  L-/C-band  radar  sensor 
is  presented  in  Fig.  1.  The  RF  electronics  are  shown 
in  the  upper  part.  The  L-band  front-end  with  500  W 
transmit  peak  power  is  presently  under  development. 
The  C-band  front-end  in  its  present  configuration  con¬ 
sists  of  eight  GaAs-FET  high  power  modules  (HPA)  each 
supplying  up  to  12  W  peak  and  a  single  low  noise  am¬ 
plifier  (LNA)  in  the  receiver  chain.  The  transmitted 
power  totals  about  90  H  peak  in  the  far  field  of  the 
antenna  .  The  3.5  dB  receiver  noise  figure  results 
from  the  combining  network  of  the  receiving  antenna 
and  the  1.5  dB  noise  figure  of  the  LNA.  Both  antennas 
have  identical  patterns  with  3  dB  beamwidths  of  17  deg 
in  azimuth  and  33  deg  in  elevation.  The  antenna  gain 
was  measured  to  be  16.5  dBi. 

For  internal  calibration,  the  expanded  radar  pulse, 
generated  by  the  SAW  pulse  compression  subsystem,  is 
used  as  a  test  signal.  In  C-band  we  test  the  up/down 
converter  unit  including  the  receiver.  In  a  second 
test  loop  the  high  power  modules  are  included  one  by 
one.  The  output  of  the  selected  module  is  fed  into  the 
receiver.  As  this  requires  low  signal  levels,  we  have 
built-in  fixed  attenuators  and  eight  test  probes  on 
the  transmitting  antenna  array,  each  providing  a  coup¬ 
ling  factor  of  20  dB. 

The  AGC/STC  unit  controls  a  slow  7  bit  PIN-diode  at¬ 
tenuator  (0  to  63.5  dB,  AGC)  at  the  input  of  the  pulse 
compression  module  and  a  fast  voltage  controlled  GaAs- 
FET  attenuator  (0  to  15  dB,  STC)  at  its  output.  AGC 
and  STC  generate  the  required  fast  gain  variation  in 
IF-band  (300  MHz)  to  adapt  the  received  signal  to  the 
dynamic  range  of  the  6  bit  ADC's  without  affecting  the 
analogue  pulse  compression.  This  method  is  used  to  mi¬ 
nimize  the  amount  of  saturation  and  quantization  noise 
produced  by  the  ADC's. 

A  high  precision  broadband  I/Q-detector  converts  the 
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radar  IF  signal  into  baseband  I  and  Q  video  signals. 

The  lower  part  of  Fig.  1  shows  the  digital  electronics 
containing  two  6  bit  flash  ADC's,  operated  at  a  samp¬ 
ling  frequency  of  100  MHz,  and  echo  buffer  memories 
with  2560  words  capacity  providing  a  25-time3  data  ra¬ 
te  reduction.  This  function  is  controlled  by  the  sy¬ 
stem  timing  unit  (STU) ,  which  generates  all  timing  si¬ 
gnals  required  by  the  radar.  It  is  designed  to  provide 
a  +/-  30%  range  of  FRF  variability  for  on  board  real 
time  motion  compensation.  The  PRF  and  the  tape  speed 
of  the  high  density  tape  recorder  (HDDR)  can  be  slaved 
to  the  aircraft's  forward  velocity. 

The  digitized  I  and  Q  video  signals  are  supplied  to 
different  digital  subsystems. 

A  real  time  SAR  processor  unit  correlates  the  range 
compressed  radar  data  in  azimuth  direction  in  an  unfo¬ 
cused  SAR  mode  (A.  Moreira,  1989) .  The  processed  ima¬ 
ges  are  displayed  in  real  time  on  a  monitor  and  are 
recorded  digitally  on  video  tape. 

The  radar  raw  data  ate  formatted  in  the  SAR  580  HDDT 
format  and  the  LR-NS  (low  resolution-narrow  swath)  mo¬ 
de.  They  are  recorded  on  a  14  trac)c  Bells  Howell  M14LR 
high  density  tape  recorder. 

The  AGC/STC  unit  requires  I  and  Q  video  data  to  gen¬ 
erate  the  optimum  IF-gain  function.  It  adaptively 
equalizes  the  signal  intensity,  which  is  a  function  of 
target  type  and  range,  incidence  angle  and  antenna 
pattern. 

Via  the  system  control  unit  (SCO)  the  radar  data  are 
made  available  to  the  system  processor  unit  (SPU) .  The 
SPU  performs  the  main  routines  of  the  real  time  motion 
compensation,  which  are  under  test.  The  radar  altime¬ 
ter  function  is  performed  by  the  SCU.  The  method  is 
based  on  the  detection  of  the  nadir  echo  and  evaluates 
its  time  delay.  The  SCU  is  furthermore  an  interface  of 
the  SPU  to  control  the  radar  system  operational  modes. 
It  reads  the  data  from  the  high  precision  barometric 
altimeter  and  is  connected  to  the  ADA  unit. 

The  ADA  unit  is  a  microprocessor  controlled  interface, 
which  acquires  platform  attitude  and  navigation  data 
from  a  flight  data  recorder  (FDR) .  The  FDR  is  basical¬ 
ly  a  VLF  Omega  navigotion  unit  (GHS  1000) ,  which  be- 
longes  to  the  aircraft's  standard  equipment.  As  this 
unit  does  not  supply  the  accuracy  required  by  SAR,  we 
are  presently  testing  a  Global  Positioning  System 
(GPS)  receiver.  An  Inertial  Navigation  System  is  under 
investigation  as  well.  The  navigational  data  supplied 
by  these  units  can  be  read  also  by  the  ADA  unit.  Sy¬ 
stem  related  data,  such  as  PRF,  range  delay,  operating 
mode,  etc.,  are  acquired  from  the  SCU.  A  bloc)c  of  au¬ 
xiliary  data  (total  amount  576  bit)  is  generated  and 
encoded  as  I  and  Q  video  data.  Via  the  ADA  MUX  the  da¬ 
ta  are  fed  into  the  raw  data  stream  to  be  formatted 
and  recorded  on  HDDT.  After  the  transcription  to  com¬ 
puter  compatible  tape  (CCT)  the  auxiliary  data  form  a 
bloc)c  of  48  complex  bytes  at  the  end  of  each  range  li¬ 
ne,  which  containes  2  )t  complex  bytes  in  LR-NS  mode. 

3.  ON  GROUND  DATA  PROCESSING 

The  outputs  of  the  E-SAR  sensor  are  real  time  image 
data  on  video  tape  and  the  radar  raw  data  combined 
with  the  aux  data  on  HDDT. 

3.1  Radar  raw  data  transcription 

A  SAR  580  high  density  tape  transcription  system 
transfers  the  HDDT  data  onto  CCT  formatted  in  the  SAR 
580  video  signal  CCT  forma*- .  We  had  to  modify  the 
system's  LR-NS  dual  chan  mode  to  accommodate  a 
single  channel  transcript  .i  mode,  which  provides  the 
data  rate  required  for  the  processing  of  the  C-band 
radar  data.  In  this  form  t)!  lata  are  available  to  any 
SAR  processor  handling  SAR  0  formats. 
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Figure  1:  The  E-SAR  sensor  system  bloc)t  diagram. 

3.2  Auxiliary  data  processing 

Auxiliary  data  extraction  and  processing  are  the  next 
steps  to  follow.  Attitude  and  navigation  data  ate  se¬ 
parated  from  the  sensor  related  data.  Errors  are  eli¬ 
minated  by  median  filtering  and  the  amount  of  data  is 
reduced.  The  data  set  of  each  parameter  is  written  to 
a  separate  file  and  stored  on  disk  or  CCT  to  be  avai¬ 
lable  for  off-line  motion  compensation. 

3.3  The  off-line  motion  compensation  SAR  processor 

To  find  effective  motion  compensation  routines,  which 
can  be  applied  in  real  time  on  board  the  aircraft,  we 
decided  to  develop  an  off-line  motion  compensation  SAR 
processor  (J.  Moreira,  1989) .  The  block  diagram  is 
presented  in  Fig.  2.  The  applied  motion  compensation 
procedure  extracts  the  mot-onal  errors  from  the  range 
compressed  raw  data  with  additional  auxiliary  data  in¬ 
formation,  especially  the  altimeter  and  barometer  da¬ 
ta.  It  corrects  firstly  geometric  distortions  in  azi¬ 
muth  and  range  direction  due  to  forward  velocity  va¬ 
riations  and  line-of-sight  (LOS)  displacement.  After  a 
4-times  azimuth  presumming  a  motion  error  dependent 
phase  correction  is  applied  on  each  range  line. 

The  focused  multi-look  processing  of  the  corrected  raw 
data  is  fairly  straight  forward.  To  generate  the  azi¬ 
muth  reference  function  one  needs  to  know  the  average 
forward  velocity  given  by  the  motion  compensation  pro¬ 
cedure,  the  average  range  delay,  some  sensor  related 
parameters,  such  as  the  transmitted  wavelength,  the 
desired  azimuth  resolution  and  the  number  of  looks. 
The  azimuth  correlation  is  carried  out  in  the  frequen¬ 
cy  domain.  Alter  the  look  summation  and  detection  the 
data  rate  is  reduced  by  a  factor  of  8.  The  image  data 
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in  slant  range  coordinates  are  stored  on  disk. 


Figure  2:  Block  diagram  of  the  off-line  motion  com¬ 
pensation  SAR  processor. 

3.4  Image  processing 

The  equalization  of  the  mean  image  intensity,  which  is 
a  function  of  target  type  and  range,  incidence  angle 
and  antenna  pattern,  is  the  first  step  in  image  pro¬ 
cessing.  Although  this  is  done  already  in  real  time  on 
board  by  the  AGC/STC  unit,  we  have  to  repeat  this  ope¬ 
ration,  if  an  IF-gain  function  ,  which  was  evaluated 
over  terrain  with  low  backscatter,  was  applied  on  a 
scene  with  high  backscatter.  Figures  4  and  5  show  the 
mean  image  intensity  curve  of  the  slant  range  image  of 
the  scene  in  Fig.  3  before  and  after  this  procedure, 
respectively. 

As  the  E-SAR  radar  is  operating  at  low  altitudes,  the 
incidence  angle  varies  considerably  across  the  swath 
(up  to  50  deg) .  If  we  only  corrected  the  range  and  an¬ 
tenna  pattern  dependence  of  the  signal  power,  we  would 
still  get  low  image  intensities  in  far  range  due  to  a 
low  backscatter  coefficient,  which  decreases  with  the 
angle  of  incidence.  The  operation  described  above  ef¬ 
fectively  corrupts  the  radiometric  accuracy,  but  is 
required  to  achieve  images  with  uniform  intensity.  For 
the  evaluation  of  the  radiometric  characteristics  of 
the  image  this  operation  can  be  reversed.  With  the  in¬ 
troduction  of  a  range  and  antenna  pattern  model  a  cor¬ 
rection  curve  can  be  derived  and  the  radiometric  accu¬ 
racy  restored. 

A  slant  range  to  ground  range  conversion  and  geometric 
correction  in  azimuth  direction  is  the  next  procedure. 
The  fi.ial  step  is  the  formatting  and  recording  on  CCT 
for  the  reproduction  on  a  film  recorder  FIRE  240. 

These  procedures  were  applied  on  the  image  shown  in 
Fig.  3. 

4 .  RESULTS 

On  October  18,  1988  the  E-SAR  system  with  the  new 

C-band  front-end  on  board  a  DO  228  aircraft  overflew 
the  Kellmuenz-test  site  at  an  altitude  of  about  2000  m 
above  ground.  We  selected  this  scene,  because  of  its 
well-known  distinct  features,  such  as  the  liter  river 
and  canal.  It  shows  agricultural  areas  as  distributed 
SO"’®  ny1nn<s  wifh  hiah 

leading  from  the  hydro-electric  power  station  in  near 
range  as  point  target  scatterers.  The  image  was  pro¬ 
cessed  on  the  off-line  motion  compensation  SAR  proces¬ 
sor  with  8  looks  and  an  azimuoh  resolution  of  3  m  to 
match  the  3  m  range  resolution.  The  average  ground 
speed  was  79  m/s.  The  image  signal-to-noise  ratio 
(SHR)  was  calculated  to  be  about  13  dB  from  the  inten¬ 
sity  curve  shown  in  Fig.  5.  The  different  fields  can 
be  easily  discriminated  by  their  different  radar  sig- 


Figure  3;  C-band  SAR  image  of  the  Kellmuenz-test  site 
processed  on  the  off-line  motion  compensa¬ 
tion  SAR  processor.  The  image  has  a  con¬ 
stant  mean  intensity  versus  range. 

natures.  To  demonstrate  the  geometric  resolution  ca¬ 
pability  of  the  system  the  signature  of  a  pylon  in 
near  range  next  to  the  lake  was  selected.  Fig.  6  shows 
a  surface  plot  with  the  response  of  two  scattering 
centres  on  the  same  pylon.  The  first  pea,,  in  Fig.  7 
was  measured  to  have  a  3  dB-width  in  slant  range  of 
3.6  m  and  the  second  had  2.7  m.  Both  peaks  are  about 
18  m  apart,  which  corresponds  to  the  hight  of  the  py¬ 
lon.  From  the  azimuth  cut  through  the  first  scatterer 
in  Fig.  8  the  3  dB-width  in  azimuth  was  evaluated  to 
be  about  5  ra.  The  radiometric  resolution  capability 
could  not  be  evaluated,  because  the  system  was  not  ca¬ 
librated. 


Figure  4:  Mean  image  intensity  versus  slant  range 
lesulting  from  the  AGC/STC  real  time  opera¬ 
tion  on  board. 
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Figure  5:  Mean  image  intensity  versus  slant  range  af¬ 
ter  the  on  ground  applied  intensity  correc¬ 
tion. 


Figure  6:  Three  dimensional  surface  plot  of  the  res¬ 
ponse  of  two  scattering  centres  on  a  pylon. 
The  pylon  is  placed  in  near  range  of  the 
image  (Fig.  3)  near  the  Iller  river  at  the 
upper  end  of  the  big  lake. 


Figure  8:  A  cut  in  azimuth  direction  through  the 
first  scatterer  on  the  pylon. 


5 .  CONCLUSIONS 

The  main  objectives  of  the  October  1988  flight  experi¬ 
ments  were  general  system  test  on  the  integrated 
C-band  subsystems,  first  system  performance  tests  and 
to  obtain  first  C-band  radar  raw  data  for  off-line  SAR 
processing.  The  results  presented  in  this  paper  demon¬ 
strate  the  excellent  performance  of  the  DLR  E-SAR 
C-band  radar  system.  All  image  quality  requirements 
aimed  at  were  achieved,  although  full  calibration  of 
the  system  has  not  yet  been  completed.  The  present 
goal  is  to  realise  a  fully  calibrated  system  working 
in  two  channels,  i.e.  either  two  frequency  bands  or 
two  polarisations  for  underflying  the  ERS-1  and  SIR-C/ 
X-SAR  instruments  as  well  as  for  calibration  and  tar¬ 
get  classification  experiments. 
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ABSTRACT 

This  paper  icports  a  new  solution  for  real  time  motion  com¬ 
pensation.  The  main  idea  is  to  extract  all  the  necessary 
motions  of  the  aircraft  from  the  radar  back.scattcr  signal 
using  a  new  radar  configuration  and  new  methods  for  evalu¬ 
ating  the  azimuth  spectra  of  the  radar  signal.  Hence  an  iner¬ 
tial  navigation  system  becomes  unnccc.ssary  for  a  lot  of 
applications.  The  motion  compensation  parameters  for  real 
time  motion  error  correction  arc  the  range  delay,  the  range 
dependent  phase  shift  and  the  pulse  repetition  frequency.  The 
motions  of  the  aircraft  to  be  extracted  arc  the  displacement 
in  line  of  sight  (LOS)  direction,  the  aircraft's  yaw  and  drift 
angle  and  forward  velocity.  Results  show  that  a  three  look 
image  with  an  azimuth  resolution  of  3m  in  L-band  asing  a 
small  aircraft  is  achievable  and  the  implementation  of  this 
method  in  real  time  using  an  array  procc.ssor  is  fcasabic. 


1.  INTRODUCTION 


Synthetic  apcrtuic  radars  (SAR)  synthesize  a  long  antenna 
by  transmitting  electromagnetic  energy  and  coherently  add¬ 
ing  the  successive  reflected  and  received  pulses  in  order  to 
obtain  high  rc.solution  in  flight  (azimuth)  direction.  The 
resolution  in  range  direction  is  achieved  by  transmitting  very 
short  pulses  or  by  using  pulse  compression.  To  achieve  a 
coherent  integration,  called  azimuth  compression,  it  is  neces¬ 
sary  that  phase  criors,  icsulting  from  spurious  platform 
motion  errors,  arc  compensated.  The  platform  motion  erroi 
is  defined  a.s  the  error  between  the  actual  flight  path  and  the 
nominal  one.  For  SAR  .systems  mounted  on  small  aircrafts 
the  motion  errors  ate  considerably  high  due  to  atmo.sphcric 
turbulence  and  aircraft  propcitics.  Obtaining  the  motion 
criors  of  the  aircraft,  motion  compensation  can  be  realized 
adjusting  the  pul.se  repetition  frequency  (PRF),  applying  a 
range  dependent  phase  shift  to  each  received  pulse  and 
delaying  it.  By  adjusting  the  PRF  one  compensates  for  the 
aircraft  forward  velocity  variations,  so  that  the  emi.s.sions  will 
aceur  at  constantly  spaced  intervals.  Adjusting  the  pha.se  and 
range  delay  one  compensates  for  the  displacement  in 
1 1  •S-dIrcction. 

This  papei  will  icpoil  a  method  to  extiact  the  displacement 
in  LOS-dircction,  the  aircraft  velocity,  the  yaw  and  drift 
angle  from  the  radar  raw  data.  This  method  is  based  on  the 
analysis  of  the  azimuth  spectrum  of  the  radar  raw  data.  The 
primary  condition  to  implement  this  method  is  the  u.sc  of  a 
wide  azimuth  antenna  beam.  This  is  obtained  using  a  .short 
fixed  mounted  pencil  beam  antenna  rather  than  an  usual  long 
stabilized  antenna  (Bocsswetter  ct  al,I983).  Thus  both  the 
complex  gimbaling  system  an<l  the  cluttcriock  loop  is  avoided. 


2.  PROPERTIES  OF  THE  AZIMUTH  SPECFRUM 


Consider  the  radar  geometry  of  a  strip  mapping  SAR,  whcic 
F,(r)  is  the  aircraft  forward  velocity,  !(,(/)  the  velocity  ciror 
in  LOS-dircction,  t  is  the  time,  PRF  is  the  pulse  repetition 
frequency,  5  the  angle  of  the  cro.ss-flight  tlircction  to  the 
direction  of  a  point  on  the  ground  and  R  the  range.  The 
antenna  points  at  a  right  angle  to  the  nominal  flight  path 
illuminating  a  swath  to  one  side  of  the  aiicraft.  Due  to  !',(/) 
and  It(r)  the  transmitted  pul.se  will  suffer  a  frequency  or 
doppler  displacement  of: 

r  2.i;(0.sin.q  .  2.  {',{!).  cos  9 

^doppler  ^  ^  / 

where  X  is  the  wavclenght  of  the  transmitted  pulse. 

Using  the  radar  equation  the  azimuth  power  speettum  P(0 
can  be  cxprc.sscd  as  the  product: 

S{f)  k.c\D.B\f)  (2) 

where  f  is  the  ficqucncy,  C{J)  the  one-way  antenna  gain  in 
azimuth  direction  and  B(j)  the  ground  leflcctivity,  considcied 
real.  </'(/),  that  represents  the  antenna  pattern,  can  be  shifted 
in  frequency  by  the  combination  of  yaw  and  drift  angle  </) 
and  the  velocity  in  LOS-dircction  l''j(0  as  follows: 

_  2.K,(r)-.sinv(0  .  2.1''*(0 

]  -I  ^  (3) 

where  /„  is  the  frequency  shift  of  G*{f).  <p[t)  =  a{t)  ^  /J(r), 
a(f)  is  the  yaw  and  /?(i)  is  the  drift  angle  of  the  aircraft. 


B^'xf),  that  rcpre.scnts  the  ground  reflectivity,  can  be  shifted  m 
frequency  by  the  velocity  in  LOS-dircction  ri(f)  as  follows. 

Jr—  ^  (d) 


where  /  is  the  frequency  shift  of  B’(/). 

The  extraction  of  the  motion  errors  of  the  airciafl  is  ha.scd 
on  two  methods.  The  first  method  analy.scs  only  the  ground 
reflectivity  part  of  the  azimuth  spectrum  and  is  called 
Reflectivity  Displaccmeiii  Method  (RDM)  The  second 
melhod  analyses  only  the  antenna  pattern  part  of  the  azi¬ 
muth  spectrum  and  is  called  Speettum  Ccntioid  Method 
(SCM). 
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3.  THE  REFLECTIVITY  DISPLACEMENT  ME¬ 
THOD  (RDM) 


The  rcflcclivity  displacement  method  analyses  the  frequency 
shift  between  two  ground  reflectivity  functions  of  adjacent 
and  strong  overlapping  azimuth  spectra.  It  is  considered,  that 
the  ground  reflectivity  function  BiJ)  has  a  high  contrast 
defined  as: 


W- 

r  I  r  f-' 

LwJw 


■SO  that  the  antenna  pattern,  that  has  a  wide  beam  in  azimuth 
direction,  can  be  considered  approximately  independent  of 
frequency.  The  frequency  shift  I''(r)  between  two  ground 
reflectivity  functions  can  be  derived  from  cq.  I  and  4  and 
expressed  as: 


2-Pv(0-At  l-m-M 
>.  ■  R  X 


(f>) 


where  R  the  range,  Ar  the  time  intcival  between  the  two 
adjacent  azimuth  spectra.  The  maximum  bandwidth  of  the 
frequency  shift  function  !''(/)  is  dependent  on  1st  and  is 
expressed,  considering  the  sampling  thcoicm,  as: 


BW^ 


I 

2- Af 


(7) 


The  frequency  shift  V(t)  can  be  determined  Horn  the  position 
of  the  maximum  of  the  correlation  between  two  adjacent  azi¬ 
muth  spectra.  This  way  gives  a  very  accurate  ficqticncy  shift 
due  to  the  fact  that  the  two  adjacent  azimuth  spectra  arc 
strongly  correlated. 

As  we  get  V(t)  by  this  correlation,  the  acceleration  in  LOS- 
dircction  fj(r)  must  be  separated  from  the  forward  velocity 
This  is  done  using  a  low  and  a  high  pass  filter.  The 
forward  velocity  has  a  very  low  bandwidth,  for  example  0  to 
0.05Hz  assuming  a  turbulence  with  a  standard  deviation  of 
about  Im/s  and  a  small  aircraft  as  the  Dornier  Do228.  The 
acceleration  in  LOS-dircction  has  a  much  higher  bandwidth, 
where  only  the  higher  frequencies  arc  important  for  motion 
compensation,  for  example  frequencies  higher  than  0.1  Hz. 
Considering  the  power  spectral  density  (PSD)  of  the  acceler¬ 
ation  in  LOS-dircction  and  the  PSD  of  the  forward  velocity 
of  the  Do228  aircraft,  we  get  an  overlap  between  the  two 
terms  of  cq.  6  of  less  than  -15dB,  so  that  both  the  forward 
velocity  and  the  acceleration  in  LOS-dircction  can  be  well 
separated  from  each  other.  The  displacement  in  LOS-dircc¬ 
tion  is  obtained  integrating  two  times  the  acceleration  in 
LOS-dircction.  Figure  I  shows  the  block  diagram  of  the 
reflectivity  displacement  method. 


The  accuracy  of  RDM  depends  on  the  contrast  K  of  the 
reflectivity  function  B(f).  By  imaging  land  .surface  that  is  not 
homogeneous  we  get  always  a  high  contrast  K,  that  implies 
a  high  accuracy  of  the  RD  method.  By  imaging  an  homoge¬ 
neous  source  as  sea  or  desert  we  get  a  low  contrast  K,  that 
implies  reduced  accuracy  of  the  RD  method.  The  degradation 
of  the  accuracy  of  the  displacement  in  LOS-dircction  with  the 
decrease  of  the  contrast  K  is  greater  than  the  degradation  of 
the  accuracy  of  the  forward  velocity. 


Figure  I.  Block  diagram  nf  the  Kcllectivity  Displacement  Mellmd 
(RDM) 


4.  THE  SPECTRUM  CENTROID  METHOD 


This  method  basically  determines  the  doppicr  centroid  of  the 
antenna  pattern  part  C‘(/)  of  the  azimuth  spectrum.  As  the 
bcamwidth  of  the  antenna  in  azimuth  direction  is  very  wide, 
the  method  using  the  azimuth  frequency  spectrum  of  the 
procc.ssed  complex  imagery  (Li  ct  al,  1985)  has  a  very  low 
bandwidth,  due  to  the  illumination  time  of  the  antenna  that 
is  longer  than  30.s  in  ’.-band. 

As  the  illumination  time  of  the  antenna  is  long  the  ground 
reflectivity  can  be  determined  very  precisely  using  a  Kalman 
filter,  if  the  reflectivity  does  not  cliangc  with  the  time  very 
much.  Extracting  the  ground  reflectivity  from  the  azimuth 
spectrum  we  can  determine  the  doppicr  centroid  with  high 
accuracy  and  bandwidth.  The  accuracy  of  the  ground  reflec¬ 
tivity  prediction  depends  on  its  contrast  K.  If  K  is  high  the 
ground  reflectivity  varies  strongly  with  the  time  due  to  bright 
targets  that  always  have  a  variable  and  not  predictable 
reflectivity  If  K  is  low,  the  ground  rcflcctiNity  can  be  easily 
determined. 

The  doppicr  centroid  of  the  calculated  antenna  pattern  is 
shifted  by  <p(t)  and  F^j/)  according  to  the  cq.  3.  (p(r)  is  a 
combination  of  the  yaw  a(r)  and  the  drift  angle  /l(i)  of  the 
aircraft.  Yaw  motion  is  caused  by  turbulence  and  airciaft 
in.stabiiity  and  the  drift  angle  is  caused  by  wind.  The  yaw 
motion  has  a  high  bandwidth  and  the  drift  angle  has  a  very 
low  bandwidth,  so  that  ?>(/)  has  almost  the  same  bandwidth 
as  the  velocity  in  LOS-diicction.  Thus,  they  ha\c  to  be  .sepa¬ 
rated  considering  the  gcomctiy  of  the  aircraft.  The  displace¬ 
ment  in  LOS-dircction,  yaw  and  drift  angles  arc  calculated 
by  estimating  the  doppicr  centroid  of  the  calculated  antenna 
pattern  in  near  (C,(/))  and  far  range  (Qf))  and  evaluating 
(he  dot3  3  hi^h  precision  bsrometer  **oppOitcd  b)  3 
radar  altimeter  (/f(r)).  The  yaw  motion  is  .separated  from  the 
drift  angle  via  a  high  and  a  low  pa.ss  filter,  figure  2  shows  fnc 
block  diagram  of  the  spectrum  centroid  method  (SCM). 

Finally,  the  SCM  works  with  high  accuracy,  when  the  con¬ 
trast  K  of  the  ground  reflectivity  is  low.  When  the  contrast 
K  increases,  the  degradation  of  the  accuiacy  of  the  displace¬ 
ment  in  LOS-dircction  and  of  the  yaw  angle  is  greater  than 
the  degradation  of  the  accuracy  of  the  drift  angle. 


2219 


5.  COMBINATION  OF  THE  MOTION 
EXTRACriON  METHODS 


Figure  2.  Block  diagram  of  llie  Specirimi  Ccniroid  Melliod 
(SCM) 


The  combination  of  the  two  methods  is  implemented  to 
incicase  the  accuracy  of  tlic  displacement  in  LOS-diicction. 
Thus  the  accuracy  of  the  displacement  in  LOS-diicction  will 
be  almost  independent  of  the  contrast  K  of  the  ground 
reflectivity  function.  This  is  implemented  giving  different 
weightings  to  both  methods  according  to  K. 


6.  RESlli;iS 


This  motion  compensation  system  has  been  succc.ssfully 
implemented  off-line  with  the  raw  data  of  the  Expciimcntal 
SAR  System  of  DLR  (I  lorn, 1988).  The  main  features,  that 
this  .system  has,  are  a  high  PRF  and  an  azimuth  antenna 
width  of  46°  in  L-band  and  17°  in  C-band.  Figure  3  shows 
an  example  of  motion  compensation  where  the  displacement 
in  LOS-dircction  in  near  range  is  reprc.scntcd  on  the  bottom. 
The  main  parameters  for  motion  compensation  were: 


1  OFULft  E-SflR  SVSTEM  MOTION  COMPENSATION  PROCESSOR  1 

r  Alttrr.'itOJi  J  ■!  m-r 

1  Cj.r  *  U.^  > 

ItTiOJf  F •  P.50C4  1?  m  •  Ar.rr>•it^  ^ 

m  J  m  »f3» 

:♦  ’tS  m  I  rr,  *  Ajmyth) 

*1  »  1  ^At^f  4rv:y  J  23  Chj 

•  rutbw’arv:*  lm/$  (MCOl) 

«  «  P..*i  Cp.4<'«9 'ft 

«  AtMwJ*  5!0  m  •  M  25*  tt 

•  PSIflfttflt'Cft  V  V  4  Humtt'  ^  i  •  P'iK  Ol<fT>«W/  ■ 

Figure  3.  Cxnmpic  of  Motion  Conipcnsntion  ui(h  the  KD-mcfhnd 


•  Illumination  time  >  30s. 

•  Implementation  only  of  the  RD-me(lio<l. 

•  Bandwidth  in  LOS-dircclion  s  0.1  up  to  lllz. 

•  Bandwidth  of  forward  velocity  ^  0  up  to  0.0.31  Iz. 

•  Number  of  range  bins  for  the  averaged  azimuth  .spec¬ 
trum  :  32. 

•  Number  of  averaged  azimuth  spectra  used  :  20. 

•  Estimated  residual  error  of  displ.  in  LOS  :  8mm  (lo). 

•  Estimated  residual  error  of  forw.  velocity:  O.lm/s  (In). 
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Abstract 

Polaiimettic  Synthetic  Aperture  Radar  (SAR)  has  gamed  m  popularity 
in  recent  years  because  of  its  ability  to  measure  the  complete  backscattering 
chatacteristics  of  a  resolution  cell  This  data  may  be  used  to  synthesize  images 
which  would  be  obtained  under  various  transmit/receive  polarization  states. 
The  work  of  Zebker  et  a!  has  shown  that  the  contrast  of  man*made  objects 
against  a  clutter  background  can  vary  dramatically  under  changing  synthetic 
polarizations 

The  Canadian  Department  of  National  Defence,  the  Canada  Centre  for 
Remote  Sensing,  Canadian  Astronautics  Limited  and  Atlantis  Scientific  Sys* 
terns  Group  Incorporated  have  developed  a  muhifrequency  polarimetric  SAR 
acquisition  and  analysis  system  and  ate  currently  evaluating  its  use  for  the 
detection  of  small  man<made  objects  in  the  presence  of  clutter.  The  current 
paper  outlines  the  atchiieciure  of  the  SAR  polatlmeter.  calibration  findings, 
analysis  software  and  results  to  date. 

Key  Words:  SAR,  PoUrimetry,  Man-Made  Objects,  Calibration 


1.  Introduction 

Polarimetric  Synthetic  Aperture  Radar  lias  been  the  subject  of  intense 
scrutiny  in  recent  years  because  of  its  ability  to  measure  the  complete 
backscattering  characteristics  of  a  resolution  cell.  In  an  ideal  polarimet¬ 
ric  SAR  these  measurements  are  obtained  by  acquiring  co-  registered  data 
at  orthogonal  polarization  slates,  typically  the  Rll.  VV,  HV  and  VH  linear 
polarization  combinations.  One  application  of  polarimetric  data  is  to  calcu¬ 
late  the  image  which  would  result  from  arbitrary  combinations  of  transmit 
and  receive  pola^'ation  slates  (Zebker,1986). 

The  Defence  Research  Establishment  Ottawa  (DREOj,  in  conjunction 
with  the  Canada  Centre  for  Remote  Sensing  (CCRSj,  Canadian  Astro¬ 
nautics  Limited  and  Atlantis  Scientific  Systems  Group  Incorporated  have 
developed  a  multi-frequency  polarimetric  SAR  instrument  and  data  anal¬ 
ysis  system  During  the  jointly  funded  DREO-CCKS  polarimetry  experi¬ 
ment  (POLEX)  whicji  took  place  April  to  August  1988,  equipment  built 
by  Canadian  Astronautics  Limited  was  successfully  integrated  with  the 
Canada  Centre  for  Remote  Sensing  (CCRS)  X/C  band  SAR  and  placed 
on  the  CCRS  Convair  580  aircraft  Data  were  collected  at  X  band  over 
suburban,  urban  and  rural  terrain  near  Petawawa.  Ontario,  with  the  intent 
of  evaluating  the  usefulness  of  polariiTietnc  data  and  polarization  synthesis 
for  the  enhanced  detection  of  small  man-made  targets  in  the  presence  of 
clutter.  The  raw  data  for  each  of  the  four  orthogonal  linear  polarizations 
were  processed  to  complex  image  form  by  DREO  These  were  then  used  to 
synthesize  real  images  of  any  desired  polarization,  using  software  developed 
by  Atlantis  Scientific  Systems  Group  Inc, 


The  radar  system  for  the  polarimetry  experiment  consists  of  two  syn¬ 
thetic  aperture  radars,  one  normally  operated  at  5.31  GHz  (C  Band)  and 
the  other  normally  operated  at  9.25  GHz  (X  band).  The  two  radars  share  a 
common  architecture  which  allows  the  system  to  be  modified  for  operation 
as  a  SAR  polarimetcr  at  cither  of  the  twu  frequencies  The  two  receivers 
arc  fully  phase  coherent  and  synchronized  via  a  single  master  oscillator  A 
simplified  block  diagram  of  the  SAR  polarimeier  is  shown  in  Figure  1 


The  antennas  use  horizontally  and  vertically  polarized  feeds  to  drive  a 
single  radiating  aperture  The  isolation  between  the  horizontal  and  ver-, 
tical  polarizations  is  greater  than  -10  dB  at  the  antennas  The  radar  is 
operated  at  twice  the  normal  PRF  so  that  horizontally  and  vertically  po¬ 
larized  signals  are  transmitted  alternately  when  power  is  routed  through 
a  4  port  ferrite  circulator  switch  to  the  appropriate  antenna  feed  During 
the  receive  window  the  circulator  routes  returned  energy  to  the  appropriate 
receiver.  Receiver  A  is  the  like-channcl  receiver  and  processes  HH  and  VV 
channels  multiplexed  in  lime  Receiver  B  is  the  cross-channel  receiver  and 
processes  HV  and  VH  channels  multiplexed  in  time.  The  transmit  circula¬ 
tor  shares  the  same  port  as  Receiver  A.  For  the  experimental  polarimeter 
described  in  this  paper  the  like  and  cross  polarization  isolations  are  limited 
to  about  20dB  for  the  cross-over  switch  used. 

The  baseband  output  of  the  receivers  is  routed  through  the  polarime- 
try  interface  unit  which  buffers  and  splits  the  I  and  Q  outputs  to  the  two 
dual  channel  proccssor/conlrol  units  (PCU)  w’hich  perform  real-time  mo¬ 
tion  compensation  by  phase-rotating  the  complex  returns  The  Analog 
to  Digital  Converters  (ADC’s)  of  the  PCI's  operate  alternately  such  that 
PCUl  processes  VV  i;  VH  data  and  PCU2  processes  HH  A:  HV  data.  The 
PCL's  perform  motion  compensation  on  the  data  using  identical  algorithms 
driven  from  the  same  inertial  reference. 

An  advantage  of  this  architecture  is  that  il  permits  different  gams  to  be 
applied  to  the  like  and  cross  returns  in  the  RF  signal  path  and  thus  makes 
best  use  of  the  ADC  dynamic  range  windows 


3.  Calibration  Issues 

Accurate  polarization  synthesis  requires  accurate  relaine  magnitude 
and  phase  measurements  of  the  scattering  matrix  components  The  syn¬ 
thetically  polarized  image  picture  element  (pixel)  is  formed  as. 

^  —  Rjr^rr  +  *f*  (1) 

where  the  K  s  arc  the  factors  resulting  from  multiplying  out  the  transmit 
and  receive  polarization  state  coefficients  and  the  S  s  are  the  scattering  ma¬ 
trix  coefficients.  (Note  that  5,y  and  5yr  have  been  replaced  with  Scron  w 
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per  the  reciprocity  assumption  (Raney, 1987)  In  this  nork,  target  contrast 
against  a  clutter  background  under  changing  synthetic  polarizations  is  of 
primary  interest,  and  absolute  calibration  is  not  that  important  When 
even  rr/atiie  calibration  is  not  attained  the  effect  may  be  considered  equiv¬ 
alent  to  having  incorrect  values  of  /w,,  A’troi.  and  A',,  Changes  in  target 
contrast  may  still  be  observed,  but  the  correspondence  between  the  speci¬ 
fied  and  effective  polarizations  will  not  be  known 

Figs.  2a,  2b  are  signal  path  diagrams  that  can  be  used  to  model  the 
system  Switch  leakages  and  insertion  losses,  phase  path  lengths,  scattering 
coefficients  and  complex  admittances  are  all  modelled  using  these  diagrams. 
In  principle,  all  the  scattering  matrix  coefficients  contribute  to  the  phase 
and  amplitude  observed  by  each  of  the  four  channels. 

From  the  signal  path  diagrams  it  is  a  simple  matter  to  obtain  expressions 
for  the  phase  and  amplitude  seen  by  the  four  channels.  These  quantities 
have  arbitrary  units  since  we  ate  concerned  only  with  relative  amplitudes 
and  phases  Eqn  2  is  the  channel  equation  for  the  HV  signal  path  as 
illustrated  in  figure  .  The  VH,  IIH  and  VV  channel  equations  are  similar 
Our  approach  is  similar  to,  though  different  in  detail  from  the  work  of 
Dertybetty  et  al  (Dettybetry,1988). 


cross  components  are  nominally  8  dB  below  the  like  component  returns 
The  combmed  effect  of  switch  isolation  and  the  lower  expected  cross  pol 
return  when  multiplied  together  in  equation  2  exceeds  the  -20dB  criteria 
for  rejection  we  have  set. 

For  the  like  channels  we  have  only  a  single  dominant  term,  while  the 
cross  channels  requite  two  terms.  In  equation  3  we  show  the  simplified  two- 
term  HV  channel  equation  in  a  form  where  the  scattering  matrix  coefficient 
St,  has  been  isolated  on  the  left  hand  side  of  the  equal  sign  Similar 
expressions  hare  been  del  .doped  for  the  other  three  channel  equations. 

o  _  _ _ _  (gl 

"  K  h.2  U-i  Ga  G,  et<*>-‘+*— )  Pa„  ’ 

“  Gt  U-i 

Equation  3  can  be  simplified  combming  all  of  the  system  parameters  as 
in  equation  6  below.  For  the  purposes  of  end-to-end,  in-the-field  calibra¬ 
tion  we  may  simplify  all  four  channel  equations  by  combming  the  system 
parameters  into  six  complex  quantities  which  may  be  deduced  empirically. 


Va.  =  A- (  h.2  Ga  5„  Ga  iz-i  Pac  + 
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L^.^  eJ*—  G.  S,t  G*  eJ*i-  iy-i  R<„..  Pa.  + 
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where 


= 

The  complex  HV  image  value. 

K 

zs 

A  constant  which  includes  range  and  elevation 

angle  effects  for  a  given  resolution  cell. 

St. 

s 

The  scattering  coefficient  for  x  incident,  x  scattered 

S,, 

= 

The  scattering  coefficient  for  y  incident,  y  scattered 

St, 

= 

The  scattering  coefficient  for  x  incident,  y  scattered 

S,t 

= 

The  scattering  coefficient  for  y  meident,  x  scattered 

fm-n 

Switch  insertion  loss  and  phase,  port  m  to  n  path 

= 

Switch  leakage  and  phase  for  port  m  to  n  path. 

Rtrsit 

= 

Cross  RF  path  complex  gain. 

Phv 

- 

Polarimetry  interface  gain  for  HV  path. 

Ga 

= 

Scalar  H  antenna  gain. 

C. 

s 

Scalar  V  antenna  gain. 

*2-a 

£ 

Phase  path  length:  switch  port  2  to  H  antenna. 

Phase  path  length:  switch  port  4  to  V  antenna. 

*PCU2 

= 

Phase  error  due  to  phase  correction  unit  2. 

The  switch  leakage  and  insertion  losses,  antenna  waveguide  phase  path 
lengths  and  antenna  gains  are  self*cxplanatory.  though  it  should  be  kept 
in  mind  that  the  leakages  and  admittances  must  be  complex  numbers  to 
account  for  both  attenuation  and  path  length.  The  R^rot$  (^nd  the  corre- 
spending  Ri,kt)  admittance  is  a  lumped  quantity  which  includes  th<.  effects 
of  the  microwave  plumbing  from  the  switch  to  the  cross  (like)  receiver  as 
well  as  the  coherent  recei>er  itself. 


Phv  represents  the  gain  introduced  by  the  polarimetry  interface  unit 
This  unit  buffers  and  splits  the  I  and  Q  outputs  to  the  PCUs 

The  ^pco2  phase  change  (and  the  corresponding  phase  change 

for  the  VV  and  \’H  channels)  is  a  pnase  offset  introduced  by  PCI  1  as  part  of 
the  motion  compensation  algorithm.  Details  ma)  be  found  in  (Living, 1988) 


Accurate  losses  and  approximate  phase  path  lengths  have  been  mea¬ 
sured  for  the  cross-over  switch.  More  precise  measurements  are  in.progress. 
On  the  basis  of  the  switch  isolation  measurements  alone  we  may  simplify 
the  channel  equations  considerably. 
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leakage  terms  in  the  channel  equations  which  include  L3.2  or  A3.4  can 
be  considered  negligible  for  the  target  detection  problem.  For  the  simple 
proof-of-concept  experiment  performed  all  leakage  terms  less  than  -20dB 
may  be  ignored. 


Further  terms  may  be  dropped  from  the  VV  and  HH  channel  equations 
where  lesser  switch  isolations  (measured  to  be  on  the  order  of-17dB)  appear 
in  the  terms  with  St,  or  S,f  It  is  well  known  that  the  returns  from 


For  an  experiment  with  end-to-end  calibration,  the  correct  approach  for 
determining  the  lumped  parameters  in  cqns  -1  through  7  is  to  deploy  cali¬ 
bration  targets  with  known  scattering  properties,  observe  the  polarimetric 
image  set  and  solve  for  the  lumped  Q%  and  Rs,  We  have  four  complex 
equations  pet  calibration  target  and  six  complex  unknowns,  therefore  we 
need  at  the  very  least  two  good  calibration  targets. 

There  is  a  subtle  difficulty  in  solving  these  equations.  The  equations 
form  a  consistent  set  (i.c.  simultaneous  equations)  for  on/y  a  single  reso/u- 
lion  ctli  This  IS  because  the  parameter  K  in  eqn.  2  contains  a  magnitude 
and  phase  factor  which  is  common  to  all  the  channel  equations  only  for  a 
given  resolution  cell.  While  the  scaling  varies  little  across  adjacent  range 
cells,  the  phase  olTset,  which  is  caused  by  the  fine-scale  detail  in  range,  is 
essentially  random  from  cell  to  cell. 

The  polarimetric  measurements  from  a  pair  of  calibration  targets  must 
be  aligned  in  phase  before  they  may  be  used  to  solve  equations  4  through  7. 
The  phase  correction  will  express  the  phase  of  the  measurements  relative 
to  a  like  channel  which  is  non-zero  for  both  targets.  A  like  channel  is 
used  because  the  like  channels  ate  less  prone  to  leakage  terms.  Targets 
should  be  selected  which  have  a  strong  common  return  in  one  of  the  like 
channels  in  order  to  permit  phase-alignment  of  the  resulting  equations.  This 
is  essentially  the  same  result  which  Sheen  et  al  have  found  for  the  P3-SAR 
(Sheen,1988). 


4-  Polarization  Workstation  Software 

PSAR  was  developed  to  provide  a  versatile  polarization  synthesis  capa¬ 
bility  using  recently  introduced  micro-computer  technology 

PSAR  was  developed  on  a  80386/25  based  micro-computer  with  a  Weitek 
mW3167  math  co-processor,  13  megaby  tes  of  RAM,  a  VGA  graphics  adapter 
and  a  300  megabyte  hard  disk.  The  software  was  designed  to  get  the  max¬ 
imum  benefit  from  the  386  processor,  numeric  coprocessor  and  large  mem¬ 
ory.  All  image  data  is  directly  accessed  from  memory  during  processing 
which  eliminates  disk  accesses  or  virtual  disk  accesses  from  random  access 
memory  Rapid  animation  of  polarization  sequences  is  realized  using  this 
system. 

Th.  PS.AR  ii<..r  int.rfar.  allow,  op.  ro  .nooify  initial  transmit  and  re¬ 
ceive  antenna  polarization  states  plus  incremental  changes  in  these  states 
In  this  way  images  can  be  synthesized  at  regularly  spaced  intervals  along 
the  surface  of  a  Poincare  sphere  for  any  number  of  iterations 

Image  display  is  accomplished  using  a  VGA  graphics  adapter  in  the 
standard  640x480  pixel,  15  colour  graphics  mode  The  time  required  to 
display  a  512x480  image,  without  synthesis,  is  less  than  3  5  seconds  The 
time  required  to  synthesize  a  512  by  480  image  is  approximately  6  seconds 
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Status  of  the  polarization  configuration  is  supplied  to  the  user  via  a  report 
window  to  the  right  of  the  image.  Information  reported  to  the  user  includes 
a  colour  bar,  current  iteration  number,  maximum  allowable  iterations,  and 
a  graphical  display  of  transmit  and  receive  polarization  ellipses  (see  the 
right  hand  side  of  the  display  screen  in  Figs  3a  and  3b)  When  a  small 
window  of  interest  is  specified  the  polarization  animation  speed  becomes 
very  rapid. 

Rough  calibration  parameters  were  determined  to  account  for  the  phys* 
leal  characteristics  of  the  SAR  recording  instrumentation  Based  on  these 
calibration  parameters  a  small  portion  of  the  SAR  data  acquired  over  the 
cit>  of  Petauawa  v\as  prepared  for  a  prelimiiiarv  Mc^Miig  To  date  a  num 
her  of  points  of  interest  have  been  identified.  A  sample  of  these  results  is 
discussed  below 


5.  Preliminary  Results 

Data  collected  over  Ottawa  and  Petawawa,  Canada,  were  processed  by 
the  Department  of  National  Defence  using  their  SAR-II  processor  (Vant, 
1984).  The  data  for  the  four  linear  polarizations  was  processed  to  5  6m 
cross  range  by  6m  slant  range  Sensitivity  time  control  was  turned  off 
during  acquisition  to  eliminate  possible  sources  of  umNanted  modulation. 

A  150  by  150  pi.\ei  region  wliicii  is  an  enlarged  displas  from  the  PSAR 
program  is  shown  in  Fig.  3a.  llie  bright  object  in  tiic  centre  of  the  image  is 
the  return  from  a  transmission  tower  near  the  town  of  Pcta\\awa  The  image 
is  the  result  of  polarization  synthesis  with  a  linear  transmit  polarization  at 
135'’  and  a  linear  receive  polarization  of  45*  This  polarization  state  was 
observed  to  produce  llic  brightest  spot  for  the  lower  return 

Fig.  3b  shows  the  same  data  but  with  the  transmit  polarization  rotated 
to  210*.  The'iarget  is  lost  in  clutter.  The  like  polarizations  produce  similar 
results.  In  the  cross  polarized  image  the  target  is  visible,  but  is  not  as  bright 
as  in  Fig  3a.  This  result  is  not  unique  contrast  variation  of  points  is 
observed  throughout,  the  data  set. 

Since  calibrated  targets  will  not  be  imaged  until  May  of  1089,  the  cal¬ 
ibration  of  the  present  data  set  is  only  approximate  and  the  polarization 
views  do  not  correspond  exactly  to  those  specified  by  the  polarization  stale 
vectors  The  polarization  svnthesis  experiments  show  results  which  are 
qualitatively  as  expected  —  small  objects  have  been  observed  which  exhibit 
varying  contrast  under  the  changing  but  imprecisely  defined  polarization 
states 


C.  Conclusious  and  Futuit;  Work 

The  modified  SAR  has  been  shown  to  be  capable  of  producing  data  sets 
in  which  scene  elements  behave  qualitatively  as  we  would  expect.  An  anal¬ 
ysis  of  calibration  issues  suggests  that  corrected,  quantitatively  accurate 
data  will  be  obtainable  given  successful  imaging  of  a  properly  laid-oui  cali¬ 
bration  field.  The  approach  will  be  to  empirically  otimatc  a  small  number 
of  lumped  svstem  parameters  identified  from  tiieoretical  considerations  as 
described  in  this  paper 

Preliminary  results  which  show  variable  contrast  of  inan-inade  targets 
under  changing  svntheiic  polarization  states  have  been  encouraging.  Since 
precise  calibration  has  not  jet  been  achieved  one  may  not  draw  quantitative 
conclusions  about  the  causes  of  this  contrast  variation.  The  observation 
of  these  variations  shows,  however,  that  polarization 'sjnthcsis  can  indeed 
enhance  the  detectability  of  man-made  objects  in  our  data  sets. 

It  should  be  noted  that  X  band  frequencies  impose  limitations  upon  the 
1^7)05  of  terrain  in  which  small  inan-niadc  targets  may  be  delected.  If  a 
small  target  is  wiilim  a  region  of  <lense  forest  canopy,  detection  at  X  band  is 
doubtful  because  of  the  severe  attenuation  of  X  band  signals  by  vegetation 
Longer  wavelengths  would  be  more  useful  if  canopy  penetration  is  required. 
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ABSTRACT 


2,  COHCEPT  OF  THE  REALTIME  PROCESSOR 


A  Realtime  Azimuth  Processor  was  developed  for  the 
airborne  E-SAR  System  (Experimental  Synthetic  Aperture 
Radar)  of- DLR.  The  processor  works  with  a  modified  un- 
fooussed  compression  method.  This  method  greatly  simp¬ 
lifies  the  data  processing  and  is  easily  implemented 
by  a  moving  average  approach.  Images  processed  in 
realtime  are  presented  and  have  good  contrast  and 
strong  suppression  of  the  sidelobes.  The  processor 
hardware  can  be  implemented  with  reduced  costs  in 
small  aircrafts. 

Keywords:  Synthetic  Aperture  Radar  (SAR),  Signal  Pro¬ 
cessing,  Realtime  Operation,  Algorithms. 


1 .  IHTRODUCTIOII 


For  small  apertures  (f  <  20°  in  figure  1),  the  phase 
history  of  a  point  target  is  a  quadratic  function  of 
the  transmitted  pulse  nummer  tl  and  is  given  by  (no 
squint  angle  is  considered) : 


(2.1,  c 


where  PRI  is  the  pulse  repetition  interval  and  Rq  Is 
the  minimum  range  between  aircraft  and  point  target. 
Differentiating  the  phase  history  yields,  for  a  suffi¬ 
ciently  small  PRI,  deppler  frequency  as  a  function  of 
pulse  number,  as  follows: 


(2.2)  f(N) 
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The  use  of  synthetic  aperture  radar  for  remote  sensing 
has  increased  largely  in  recent  years  due  to  the  all- 
weather,  wide  swath  and  high  resolution  capabilities. 
Image  formation  from  SAR  data  is  well  known  and  invol¬ 
ves  coherent  processing  between  the  received  signal 
and  the  matched  impulse  response  function,  which  is 
also  called  the  reference  function  (Fitch,  1988;  Beas¬ 
ley,  1982) . 

The  E-SAR  System  of  DLR  (Horn,  1988)  works  experiraen- 
teily  in  L-band  without  pulse  compression  (100  ns  pul¬ 
se  duration)  and  in  C-band  with  a  FH  pulse.  In  the 
latter  case,  range  compression  is  performed  by  a  SAW 
device.  An  azimuth  processor  was  developed  for  the 
S-SAR  System  to  produce  realtime  Images.  It  offers  so¬ 
me  important  aavantages: 

•  the  oo:nplece  SAP.  sensor  hardware  can  be  tested  in 
realtime, 

•  areas  illuminated  by  the  radar  are  monitored  in 
realtime,  facilitating  for  example  the  detection  of 
oil  spills  at  sea, 

•  the  processed  image  contains  only  a  reduced  amount 
of  data  due  to  mulitlooks  or  to  a  smaller  processed 
bandwidth.  Hence  the  storage  can  be  reduced  in  ca¬ 
pacity  and  realised  by  a  conventional  video  recor¬ 
der, 

-  the  realtime  images  can  be  used  as  a  reference  for 
the  high  resolution  off-line  data  processing. 


The  assumed  doppler  bandwidth  for  processing  can  then 
he  expressed  as  a  function  of  the  aperture  ft 


(2.3) 


I  .  azimuth  3  dB  beamwidth  of  the  antenna 
»maxl  *  - 2 - 


The  developed  azimuth  processor  works  with  an  unfocu¬ 
sed  processing  method.  In  this  case  it  processes  only 
a  small  bandwidth  of  the  backscattered  azimuth  signal. 
The  azimuth  signal  is  correlated  with  a  simple  rectan¬ 
gular  function  which  does  not  correct  its  quadratic 
phase  history.  The  correlation  at  dopp’.er  frequency 
zero  is  performed  with  an  acceptable  maximum  phase  er¬ 
ror  of  90°.  This  means  a  maximum  two  way  range  varia¬ 
tion,  2-(R(±H)  -  Ro),  of  >^/4- 

The  unfocused  processing  method  is  based  on  the  fact 
that  the  accepted  phase  error  of  90°  leads  to  suffi¬ 
cient  imago  quality.  For  the  determination  of 
the  one  way  range  variation  is  limited  by  X/8. 


(2.4) 
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The  azimuth  spatial  resolution,  f,  is  indirectly  pro¬ 
portional  to  the  processed  doppler  bandwidth  and  is 
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obtained  by  substituting  (2.4)  in  (2.3). 


The  azimuth  resolution  increases  with  the  square  root 
of  range  and  is  not  constant  as  in  the  case  of  the  fo¬ 
cused  processing  method. 


^  Azimuth 


2  •  ip  =  processed  aperture  , 


a  =  azimuth  beamwtdth  of  the  antenna  , 

D  =  azimuth  length  of  the  antenna  , 

2  =  wavelength  and  f'  =  aircraft  speed. 

Figure  1:  Range  variation  between  aircraft  and  point 
target  for  a  SAR. 

Since  the  reference  function  is  rectangular,  the  cor¬ 
relation  process  can  be  carried  out  very  easily  by  the 
moving  average  approach,  where  the  most  recent  value 
is  added  and  the  oldest  value  is  subtracted  for  each 
correlated  point.  The  computational  requirements  for 
this  operation  are  greatly  reduced  and  the  processor 
realisation  is  very  much  simplified  in  comparison  with 
the  focused  case. 


A  new  algorithm  was  developed,  so  that  a  triangular 
amplitude  weighting  could  be  incorporated  in  the  unfo¬ 
cused  processing  method  without  additional  complicati¬ 
ons.  The  algorithm  consists  basically  of  correlating 
the  azimuth  signal  twice  with  a  single  moving  average 
approach.  This  corresponds  to  a  single  correlation 
with  a  triangular  function,  which  is  the  weighting 
function.  Several  simulations  were  done  to  optimize 
the  processing  parameters.  The  critical  parameter  to 
optimize  is  the  duration  of  the  reference  function.  A 
shorter  reference  function  reduces  the  phase  error  of 
the  processing,  but  the  resolution  becomes  worse  due 
to  the  lower  time  bandwidth  product.  An  extremely  long 
reference  funtion  causes  a  degradation  of  the  image 
quality  due  to  the  greater  phase  error.  The  length  of 
the  reference  function  was  chosen  to  achieve  a  good 
compromise  between  PSLR,  ISLR,  resolution  and  proces¬ 
sing  loss.  Good  results  were  obtained  due  to  the  fact 
that  the  triangular  reference  function  gives  little 
weight  to  the  correlation  with  the  largest  phase  er¬ 
rors.  The  optimised  point  target  response  is  shown  in 
figure  2  right.  The  processing  loss  due  to  weighting 
and  phase  errors  totals  about  2.5  dE.  The  weighted 
response  has  a  PSLR  of  -28  dB  and  a  ISLR  of  -13.9  dB 
and  is  superior  to  the  ncn-weighted  response. 

The  realtime  azimuth  processor  is  composed  of  units 
performing  the  following  functions!  comer  turning 
(Transposing  of  the  received  data),  correlation  with 
the  reference  function  (moving  average  approach),  re¬ 
sampling,  weighting,  image  detection,  output  interface 
and  test  pattern  generation.  There  is  no  presumming  of 
the  data  before  azimuth  processing  due  to  the  fact 
that  the  moving  average  itself  is  a  filter  with  a 
sin(x)/x  frequency  response.  The  realtime  azimuth  pro¬ 
cessor  was  developed  providing  two  modes  of  operation! 

1.  traditional  unfocused  processing  and  2.  unfocused 
processing  with  triangular  weighting  (Horeira,  1989) ,  > 

Comparisons  can  be  made  in  realtime  to  show  the  impro¬ 
ved  image  quality  of  the  new  approach.  The  power  con¬ 
sumption  totals  only  18  W  due  to  the  use  of  modern 
CHOS  circuits. 


2.1  The  Point  Target  Response 

Figure  2  left  shows  a  simulated  point  target  response 
(L-band,  R,,  =  1500  m)  that  was  obtained  with  the  unfo¬ 
cused  correlation  method.  The  response  has  high  side- 
lobes  with  a  peak  sidelobe  ratio  (PSLR)  of  -9  dB  and 
an  integrated  sidelobe  ratio  (ISLR)  of  -7  dB.  An  image 
processed  with  unfocused  method  has  low  contrast 
and  gives  a  blurreu  in[  session. 


Figure  2:  Simulated  point  target  response  with  the  unfocused  method  (left:  without  weighting;  right:  with 
weighting) . 


3.  RESULTS 

Interesting  results  were  obtained  with  the  realtime 
processor.  The  Images  were  postprocessed  on  a  Micro 
Vax  II  computer  in  Oder  to  reduce  the  speckle  noise 
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(local  statistics  filter  by  Lee,  1986)  and  to  perform 
geometric  and  radiometric  correction  (conversion  of 
slant  range  to  ground  range  and  compensation  of  the 
reduction  in  backsoattered  signal  intensity  with  ran¬ 
ge,  respectively) . 


The  lake,  Ammersee,  near  Munich  is  shown  in  figure  4. 
The  upper  image  is  the  continuation  of  the  lower  ima¬ 
ge.  Together,  the  image  dimensions  total  about  3x12 
km.  It  is  possible  to  see  some  sailing  boats  as  well 
as  different  structures  on  the  water  surface  caused  by 
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Figure  3:  Image  processed  in  realtime:  oil  pollution  on  the  sea. 


Figure  3  shows  a  5  m^  oil  spill  (dark  region)  that  was 
detected  during  the  Archimedes  Ila  campaign  at  the 
Dutch  North  Sea  Coast  (Horeira,  Horn  1988).  Radar  is  a 
able  to  detect  oil  pollution  on  the  sea  surface  by 
virtue  of  the  attenuation  of  capillary  waves  by  the 
oil  spill.  The  ship,  which  discharged  the  oil  inten¬ 
tionally  for  this  experiment,  can  be  seen  at  the  top 
of  this  figure  as  a  large  bright  spot  due  to  its 
strong  radar  reflectivity.  There  ist  up  to  9  dB  dyna¬ 
mic  range  between  sea  and  oil  surface  intensity  in  the 
in'25®*  Aithou'jhi 

only  50  W  with  100  ns  pulse  width  in  L-band  it  was 
possible  to  achieve  a  good  image  contrast.  This  con¬ 
trast  arises  from  the  partially  specular  behaviour  of 
the  backsoattered  signal  from  the  sea  which  becomes  a 
gain  in  the  correlation  process.  The  signal  to  noise 
ratio  is  0  dB  in  mid  range  for  this  image. 


the  wind.  The  ), right  area  at  far  range  corresponds 
mostly  to  forests  and  small  towns. 

4 .  CONCLULSION 

The  processing  of  SAR  data  with  the  proposed  algorithm 
can  be  performed  in  realtime  with  relatively  simple 
hardware.  Although  the  supression  of  th  sidelobes  of 
this  modified,  unfocused,  processing  method  is  compa¬ 
rable  to  the  focused  case,  the  azimuth  resolution  is 
iijnitcd  mCCmUmO  cnXy  2  *'2***’ 

width  is  processed.  The  azimuth  resolution  can  be  im¬ 
proved  by  flying  at  low  altitudes  and  by  the  use  of 
small  radar  wavelengths. 

The  Implementation  of  multi-looks  is  also  possible 
with  this  algorithm  but  we  have  opted  for  a  single 
look  processing  and  off-line  filtering  of  speckle  noi¬ 
se  with  the  local  statistics  algorithm. 
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Figure  it  Image  processed  in  realtime:  Ammersee  lake  near  Munich,  (released  by  "Regierung  von  Oberbayern* 
Nr.  GS  300/272/88) . 
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Abstract 

Over  the  past  four  years,  Atlantic  Airways 
Limited  has  developed  and  is  operating  an 
integrated  airborne  ice  surveillance  and  data 
management  system,  designed  specifically  for 
the  marginal  ice  zone  off  Canada's  East  coast. 
This  system  utilizes  a  Litton  360  degree 
surveillance  radar  interfaced  with  a  mini 
computer.  The  entro  system  is  mounted  in  a 
business  class  turboprop  aircraft.  The 
following  paper  will  describe  the  various 
system  components  and  will  detail  actual 
results  obtained  over  the  past  few  years  in 
regional  and  site  specific  ice  management. 

Unique  conditions.  Different  approach.  Iceberg 
detection.  Operational  data 

Introduction 

Atlantic  Airways  Limited  j.s  a  Canadian  owned 
firm  based  in  St.  John's,  Newfoundland  and  has 
been  active  in  the  field  of  remote  sensing  for 
several  years.  Included  in  these  activities 
is  offshore  ice  surveillance  off  the  Canadian 
East  coast.  T.iis  area  is  within  the  marginal 
ice  zone  and  is  frequented  by  pack  ice  from 
January  to  late  April  and  year  round  by  ice¬ 
bergs.  The  main  influx  is  between  February 
and  late  May. 

Visual  reconnaissance  was  severely  hampered  by 
fog  and  the  difficulties  associated  with 
locating  ice  not  on  or  near  the  flight  path. 
v;hile  SLAR  gave  greater  area  coverage  it  was 
hampered  by  it's  operational  altitude  and  its 
inability  to  distinguish  between  ships  and 
icebergs  (Rossiter  1985)  (Thayer  1985). 

It  became  obvious  that  the  unique  conditions 
found  in  the  marginal  ice  zone  required  a 
totally  different  approach  to  ice  surveil¬ 
lance.  In  early  1985  Atlantic  Airways 
concluded  that  the  good  points  of  both  radar 
and  visual  surveillance  should  be  combined 
into  one  multi-mission  aircraft  capable  of 
providing  detailed,  accurate  and  cost 
effective  ice  data. 


Performance  Considerations 

1.  The  radar  would  need  to  reliably  detect 
point  targets  as  small  as  four  (4)  sq.m 
the  equiivalent  to  the  average  RCS  of  a 
bergy  bit  (Klein  1986) 

2.  The  radar  would  need  to  be  able  to  detect 
and  map  the  leading  edge  of  the  pack  ice, 
(usually  2-6  tenths  of  new  to  first  year 
ice ) . 

3.  A  suitable  method  of  data  collection  and 
data  management  for  passing  information  to 
the  client. 

4.  A  method  of  communication  for  graphic 
and  tabulated  data  from  aircraft  to 
ground. 

Equipment  Selection 

Radar.  Several  radars  were  tested  under  actual 
operational  ice  conditions.  The  radar 
selected  as  most  suitable  was  the  Litton 
APS  504  (V)5.  This  radar  is  an  ASW  radar 
(anti-submarine  warefare).  It  is  a  360  degree 
rotating  X  band  radar  with  multi  processing 
levels.  Radar  pulse  lengths  are  user 
selectable  and  feature  a  500:1  pulse 
compression.  Radar  imagery  is  displayed  on  a 
hight  resolution  875  line  video  display  which 
utilizes  16  gray  levels  for  display  purposes. 
Flight  tests  conducted  on  a  two  meter 
calibrated  radar  target  determined  that  this 
unit  exceded  the  manufacture's  of  a  2  sq.m 
target  at  20  miles  in  a  sea  state  four,  and 
more  than  covered  the  performance 
specifications  in  1  and  2  above. 

Data  Management,  To  accomplish  this  task  a  PC 
computer  was  installed  in  the  aircraft  and 
interface  and  manipulation  software  was 
custom  designed  by  Atlantic  Airways  staff. 

The  Litton  radar  was  equipped  with  a  custom 
interface  board  allowing  digital  data  to  be 
transfered  to  the  PC.  This  data  is  then  used 
by  additional  sub  programs  to  display  in  both 
tabulated  and  graphic  form  all  targets  and 
pertinent  flight  data,  A  user  interface  via 
multi-level  softkeys  was  designed  to  allow  for 
a  complete  inflight  data  management  package. 

Communications.  Several  Options  were 
considered  before  going  with  a  low  tech 
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solution.  A  line  scanning  fax  was  selected  as 
the  means  of  communication,  this  fax  gave  the 
advantage  of  being  able  to  transfer  data  both 
tabulated  and  graphic  to  any  ground  station 
equiped  with  a  simple  low  cost  weather  fax 
receiver. 

Operational  Evaluation 

Our  operational  evaluation  comprises  three  re 
(3)  distinct  subcategories: 

-  glacial  ice  in  open  water 

-  pack  ice  edge  and  interior  featur 

-  glacial  ice  within  pack  ice 

Glacial  Ice  in  Open  Water 

Iceberg  detection  is  dependent  on  an  iceberg's 
RCS,  and  in  the  case  of  small  icebergs  and 
below  is  also  dependent  on  sea  state.  Unlike 
SLAR  which  only  views  the  target  in  its  side 
looking  beam  pattern  for  a  very  short  time  and 
from  only  one  angle,  surveillance  radar  will 
literally  get  hundreds  of  hits  from  numerous 
angles.  This  will  therefore  reduce  the  effect 
of  losing  the  target  in  the  sea  return. 

(Rudkin’,  1988).  This  is  one  of  the  prime 
reasons  that  this  type  of  radar  was  selected 
over  SLAR  or  SAR.  Operationally,  small 
icebergs  and  above  are  normally  detected  with 
a  high  level  of  confidence  within  the  confines 
of  a  100  mile  range.  Medium  and  large  ice¬ 
bergs  have  been  detected  out  to  160  mile 
ranges.  Within  a  60  mile  radius  of  the  rig 
the  radar  is  'operated  in  either  a  25  or  50 
mile  range  with  full  processing  employed. 
Priority  is  placed  on  detection  of  bergy  bits 
and  growlers,  which  are  typically  detect  at 
ranges  out  to  20  miles. 

Sea  Ice  Edge  and  Interior  Feature 

Operational  data  collection  is  performed 
primarly  on  a  50  to  100  mile  range  with 
minimal  processing.  With  16  gray  levels  it  is 
possible  to  clearly  see  interior  features. 

With  experience  it  is  possible  to  type  and 
classify  the  different  ice  type  returns  by  the 
gray  levels. 

Glaci<-.1  Ice  Within  Sea  Ice 


favorable.  The  APS  504(V)5  radar  has  proven 
to  be  an  exellent  tool  for  handling  the 
diverse  conditions  found  in  the  marginal  ice 
zone. 

On  the  negative  side,  this  radar  requires 
considerable  operator  skill  to  achieve  the 
best  results.  The  combinations  of  pulse 
lengths  and  various  processing,  when  used 
correctly,  well  result  in  impressive  imagery 
of  ice  conditions.  However,  when  used 
incorrectly  will  result  in  poor  imagery. 
Despite  this  fact  and  some  initial  develop¬ 
ment  problems,  the  system  would  seem  to  be 
the  best  compromise  for  operations  in  the 
marginal  ice  zone. 

Computer 

The  computer  system  has  proven  to  have 
enormous  potential  and  development  of 
additional  software  is  carried  out  on  a 
continuous  basis.  The  data  management 
package,  while  providing  a  product  that  meets 
our  various  clients  requirements,  has  room 
for  major  expansion  in  the  area  of  sea  ice. 
The  amount  of  information  that  is  passed  via 
the  radar/computer  data  line  is  limited.  We 
are  at  present  testing  a  new  software  package 
that  utilizes  a  video  image  digitizer  to  grab 
complete  radar  images  which  can  then  be 
manipulated  via  a  limited  airborne  image 
analysis  package.  We  are  hopeful  that  this 
package  will  be  operational  by  the  next  ice 
season. 

The  system  as  a  whole  has  proven  to  be 
extremely  versatile,  cost  effective  and 
reliable.  This  fact  has  be  realized  by 
numerous  users  of  ice  data,  and  is  born  out 
by  the  fact  that  Atlantic  Airways  Limited  is 
now  the  largest  private  supplier  of  ice 
surveillance  data  in  Eastern  Canada. 


From  high  altitude  levels,  icebergs  that  are 
within  the  ice  pack  show  returns  similar  to 
that  of  free  floating  bergs  in  a  heavy  sea 
state.  Therefore,  medium  to  .arge  bergs  stand 
out  well  from  the  surrounding  sea  ice  returns 
and  present  no  problem.  However,  to  reliably 
detect  small  icebergs  it  is  necessary  that 
CFAR  processing  be  employed  to  remove  the 
surrounding  pack  returns.  With  this 
processing  engaged  small  icebergs  are  normally 
detectable  at  ranges  up  to  30  or  40  miles. 

Conclusions 


Radar 


Overall,  the  system  has  produced  better 
results  than  initially  expected,  especially  in 
the  area  of  sea  ice  features.  V/ith  four  ice 
seasons  completed  it  has  been  proven  to  be  a 
very  reliable  system  and  client  satisfaction 
with  the  data  product  has  been  very 


Table  1.  Typical  size  and  Radar  Cross  Sections  for  icebergs 


RADAR  CROSS  SECTION 


_ R 


BERGY  BIT 


GROWLER 


10,000 


1,000 


Table  2.  Iceberg  Detection  Range  vs  Sea  State 


TYPE 

DETECTION  RANGE 

MAXIMUM  SEA  STATE 

LARGE 

200  nm 

Unaffected 

MEDIUM 

175  nm 

Unaffected 

NOTE:  Growler  detection  is  the  maximum  under  ideal  conditiions  and  is 
representative  of  a  detectable  target,  ie.  There  is  some 
reflective  surface. 
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ABSTRACT 

This  paper  presents  the  results  of  the  real  time  radiometric 
image  correction  (RICj  implemented  in  the  DLR-experimen- 
tal  SAR-system.  The  RIC  system  is  based  on  a  control  sys¬ 
tem,  that  analyses  the  analogue-to-digital  (A/D)-convcrtcd 
raw  data  and  controls  the  gain  of  the  IF-section  with  range. 
Therewith  the  quantization  and  saturation  noise  introduced 
by  the  process  of  A/D  conversion  of  raw  data  can  be  mini¬ 
mized  for  the  whole  swath.  A  short  intioduction  of  the  RIC 
system  and  a  report  of  its  performance  will  be  given. 


1.  INTRODUCTION 


In  a  conventional  imaging  radar  system  the  backscattered 
signal  is  received,  downconverted,  analogue-to-digital  (A/D) 
converted,  formatted  and  recorded.  If  this  radar  .sy.stcm  is 
flown  at  low  altitudes,  ICOOm  for  example,  the  backscattcicd 
signal  intensity  will  vary  too  widely  within  the  range  .swath, 
•SO  that  a  high  signal  dynamic  range  of  the  radar  .sy.stcm  is 
necessary. 

The  dynamic  range,  normally  limited  by  the  A/D-converter, 
can  be  expanded  by  varying  the  gain  of  the  IF-scction,  .so 
that  the  variance  of  the  .signal  before  the  A/D-convcr.sion 
remains  constant  and  is  independent  of  range.  The  choice  for 
the  value  of  the  signal  variance  for  a  quantization  with  a 
minimum  distortion  has  been  studied  by  (Max, 1960)  and 
(Gray  ct  al,1971). 

The  variation  of  the  IF-.scction  gain  compcn.satcs  the  range 
dependent  decrease  of  the  backscattered  signal  power.  This 
decrease,  dcseribed  by  the  radar  equation,  depends  mainly 
on  the  target  range,  type  and  incidence  angle  and  on  the 
antenna  pattern.  A  typical  gain  curve  for  this  compensation 
begins  with  a  small  value  and  incrca.scs  with  range. 

As  this  gain  curve  cannot  be  exactly  determined  in  advance, 
due  to  inaccurate  information  about  the  terrain  character¬ 
istics,  a  method  is  used  to  generate  it  precisely  in  real-time. 
This  method  is  called  radiometric  image  correction  (RIC). 


2.  THE  RIC-SYSTEM 


Figure  1  shows  the  implementation  of  the  RIC-system  in  a 
Synthetic  Aperture  Radar  (SAR)  with  l/Q-dctcction.  The 


backscattered  signal  is  received,  downconverted  and  range 
compressed.  At  the  IF-scction  the  signal  amplitude  will  be 
modified  by  the  gain  or  correction  curve.  The  correction 
curve  is  realized  by  two  devices:  a  high  speed  and  a  low  speed 
attenuator. 

By  a  high  speed  attenuator  the  fast  variation  of  the  correction 
curve  is  generated  (normally  called  sensitivity  time  control  or 
STC). 

By  the  low  speed  attenuator  wo  can  adjust  the  optimum 
operating  point  or  attenuation  bias  for  the  high  speed  atten¬ 
uator.  The  low  speed  attenuator  is  normally  called  automatic 
gain  control  or  AGC. 

The  IF-signal  is  then  demodulated,  by  the  l/Q-dctector  for 
example,  and  A/D-converted.  The  RIC-system,  that  controls 
the  AGC-  and  STC-attcnuators,  reads  the  converted  raw 
data  and  calculates  the  signal  intensity  as  a  function  of  range 
over  a  given  integration  time.  The  integration  lime  can  be 
varied  from  several  seconds  up  to  some  minutes.  Using  an 
adaptive  non-linear  control  .system  the  STC-ciirvc  and  the 
AGC-attcnuation  is  then  calculated  (Morcira, 1 988). 


Figure  I.  Impicmcnialion  of  the  rcal-llinc  radiometric  image 
correction  (RIC) 
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3.  RESULTS 


The  implementation  of  the  RIC-System  has  been  successfully 
performed  with  the  experimental  C-Band  SAR-system  during 
flights  in  October  1988.  The  SAR-system  uses  an 
I/Q-detection  with  two  6-bit  A/D-converters  which  each  run 
at  lOOMHz  and  have  a  dynamic  range  of  25dB  at  40MHz  or 
an  effective  bit  niimbei  of  4  (Moreira,  1987).  As  a  system 
dynamie  range  of  more  than  40dB  was  required,  a  STC-at- 
tenuator  with  aprox.  15dB  range  was  employed.  The  hard¬ 
ware  of  the  RIC-system  consists  of  an  interface  to  the 
A/D-converter  buffers,  a  microproce,ssor  .system  that  ealeu- 
lates  the  STC-  and  AGC-  attenuations,  an  8 
bit-D/A-converter  for  controlling  the  analogue  STC-attcnua- 
tor  and  a  digital  7  bit-attenuator  for  the  AGC-function 
(Moreira, 1986,  Spies, 1987,  Poetzsch,1989). 

Figure  2  shows  an  example  of  a  STC-curve  generation.  The 
aircraft  (Do-228)  flew  in  the  up-down  direction  and  on  the 
left  .side  of  the.  image.  Hence  the  left  side  of  the  image  corre¬ 
sponds  to  near  range  and  the  right  side  coi  responds  to  far 
range. 


The  upper  part  of  the  image  is  proce.sscd  without  STC,  this 
means  with  a  constant  STC  curve.  In  this  case  the  A/D  con¬ 
verters  have  a  high  saturation  rate  in  near  range  and  produce 
a  high  quantization  noise  in  far  range.  In  mid  range  the  A/D 
converters  work  with  minimum  conversion  noise.  The  aver¬ 
aged  signal  amplitude  is  shown  in  the  upper  eurve  as  a  func¬ 
tion  of  .slant  range. 

generation  of  the  STC-curve 
with  7  Iterations  was  started.  Here  the  RIC-system  has  aver¬ 
aged  32  range  lines  within  3  seconds  for  each  iteration  that 
corresponds  to  a  strip  in  the  image.  The  lighter  strip  repres- 
ents  the  initialisation  and  the  next  strips  correspond  to  the 
first,  second, ...  iterations. 

After  carrying  out  the  .seven  STC  iterations  one  obtains  the 
coycctcd  image  shown  in  the  bottom  part  of  the  image.  The 
lower  curve  shows  that  the  averaged  signal  amplitude 
remains  constant  with  range.  The  reliduar^nal  See 

waTalso  obtained. 

As  the  A/D-converters  used  have  an  effective  number  or  4 
bits,  we  get  from  (Gray,l97I)  the  following  conclusions: 


DFULR 
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Figure  2.  An  example  of  the  STC-curve  generation 
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•  Optimum  K.  K  is  defined  as  the  saturation  ievel  of  the 
A/D-eonverter  to  the  input  rms  voitage  ratio.  For  a  4  bit 
A/D-eonverter  we  have  the  minimum  A/D-conversion 
noi.se  at  K  =2.5. 

•  Saturation  ratio.  With  K=2.5  wc  obtain  a  normalized 
quantization  noise  power  of  1.05E-2,  a  saturation  noise 
power  of  0.24E-2  and  a  total  noise  power  of  1.29E-2. 
As  the  probability  density  function  of  the  radar  .signal 
before  the  A/D-conversion  is  a  normal  distribution,  wc 
get  for  K  =2.5  a  saturation  ratio  of  1.3%. 

Figure  3  shows  the  histogram  in  far  range  of  the  image  with¬ 
out  STC  (upper  part  of  figure  4).  The  histogram  was  calcu¬ 
lated  fiom  1024  samples  of  the  A/D-convertcr.  The  standard 
deviation  is  7.5  and  the  saturation  level  of  the  A/D-converter 
is  32  considering  64  steps  of  the  A/D-convcrtcr.  The  overflow 
frequency  is  1  sample  that  corresponds  to  0.1%.  The  ratio  K 
for  this  case  is  4.3.  The  A/D-convcitcr  has  a  small  cxcunsion, 
works  below  its  optimum  operating  point  and  causes  a  high 
conversion  noise  due  to  high  quantization  noise. 

Figure  4  shows  the  histogram  in  near  range  of  the  image 
without  STC  (upper  part  of  figure  4).  The  histogram  was  also 
calculated  from  1024  samples  of  the  A/D-convcrtcr.  The 
standard*  deviation  is  23.1  considering  64  steps  of  the 
A/D-con vei ter.  The  ovciflow  frequency  is  329  samples  that 
corresponds  to  32%.  The  ratio  K  for  this  case  is  1.4.  The 
A/D-convcrtcr  has  a  large  excursion,  works  over  its  optimum 
operating  point  and  causes  a  high  conversion  noise  due  to 
higli  saturation  noi.se. 

Figuic  5  shows  the  histogram  in  near  range  of  the  image  with 
,STC  (bottom  part  of  figure  4).  The  histogram  foi  the  whole 
range  .swath  is  practically  the  same,  .so  that  wc  can  take  this 
example  as  a  general  one.  The  histogram  was  also  calculated 
from  1024  samples  of  the  A/D-convcrtcr.  The  standard  devi¬ 
ation  is  1 2.7  consirici  ing  64  stops  of  the  A/D-convcrtcr.  The 
overflow  frequency  is  14  .samples  that  coricsponds  to  1.4%. 
The  ratio  K  for  this  case  is  2.5.  This  result  matches  with 
(Gray, 1971),  .so  that  (he  A/D-convcrtcr  works  at  its  optimum 
operating  point  and  cau.scs  minimum  conversion  noise. 
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Figure  3.  Histogram  of  the  A/D-converfed  signal  without  STC  in 
far  range. 


Figure  4.  Histogram  of  the  A/D-converted  signal  without  STC  in 

near  range. 
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ABSTRACT 

The  Massively  Parallel  Processor,  or  MPP,  Is  a 
Single  ^  Instruction,  Multiple  Data  Stream  (SIMD) 
computer  containing  16,384  bit  serial  processing 
elements  (PE's)  arranged  in  a  128-by-128  mesh 
connected  array.  It  can  be  programmed  in  its  assembly 
language  (HCL),  MPP  Pascal,  and  ,MPP  Forth.  While  the 
,MPP  was  originally  designed  primarily  for  image 
processing  and  pattern  recognition  algorithms,  our 
experience  has  shown  that  it  can  be  used  very 
effectively  in  applications  covering  a  wide  range  of 
general  physical  and  mathematical  sciences.  This 
paper  concentrates  on  image  processing  and  analysis 
applications. 

Keywords:  Data  parallel  analysis.  Remote  sensing. 
Image  Analysis,  Image  processing. 

INTRODUCTION 

The  Massively  Parallel  Processor  was  conceived  in 
1975  at  the  NASA  Goddard  Space  Flight  Center  (GSFC). 
It  was  developed  and  built,  under  contract,  by  the 
Goodyear  Aerospace  Corporation  (now  Loral  Aerospace). 
When  the  MFP  was  delivered  to  NASA  GSFC  by  Goodyear  in 
May  1983,  it  was  the  world's  largest  operational 
massively  parallel  computing,  system.  The  MPP  is  a 
Single  Instruction,  Multiple  Data  Stream  (SIMD) 
computer  containing  16,384  bit  serial  processing 
elements  (PE's).  The  PE's  are  arranged  In  a 
128-by-128  array  with  connections  from  each  PE  to  its 
four  nearest  neighboring  PE's. 

Most  applications  are  programmed  on  the  MPP  using 
MPP  Pascal  (an  alternate  language  is  MPP  Forth).  The 
current  version  of  MPP  Pascal  supports  most  standard 
Pascal  features  plus  several  extensions  which  were 
added  for  programming  convenience  and  to  allow  easy 
use  of  the  massively  parallel  architecture. 
Programming  the  MPP  in  MPP  Pascal  is  often  more 
straightforward  than  programming  a  conventional-  serial 
computer  in  standard  Pascal,  since  arrays  of  data  are 
manipulated  as  single  entities. 

The  MPP  was  originally  designed  primarily  for  Image 
processing  and  pattern  recognition  algorithms  'that 
involve  local  neighborhood  operations  on  image  data. 
However,  an  MPP  working  group,  formed  in  1985  and 
consisting  of  researchers  in  various  disciplines 
scattered  throughout  the  U.  S.  A.,  has  shown  that  it 
can  be  used  very  effectively  in  applications  covering 
a  wide  range  of  general  physical  and  mathematical 
sciences.  For  example.  Earth  science  applications 


include  not  only  the  processing  and  analysis  of 
remotely-sensed  image  data,  but  also  Earth  system 
modeling. 

This  presentation  will  concentrate  on  image 
processing  and  analysis  applications  including 
synthetic  aperture  radar  (.SAR)  data  processing,  stereo 
image  analysis  for  generating  topographic  maps,  sea 
ice-floe  motion  detection  from  time-varying  .SAR 
imagery,  contextual  classification,  spatially 
constrained  clustering,  and  neural  network  clustering 
of  image  data,  and  image  data  compression.  It  will 
also  briefly  discuss  future  plans  for  the  use  of 
massively  parallel  computation  in  remote  sensing 
applications  at  Goddard. 

The  following  bibliography  lists  earlier  surveys  of 
the  application  of  the  MPP  to  processing  and  analyzing 
remotely  sensed  imagery,  along  with  the  proceedings 
from  two  symposiums  focusing  on  massively  parallel 
computation  on  the  MPP  and  other  massively  parallel 
machines. 
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The  Alvey  MMI-137*  project  Is  concerned  with  the  automated  derivation 
of  extremely  dense  and  very  accurate  Digital  Elevation  Models  (OEMs)  from 
multiple  SPOT  Images.  The  computational  complexity  of  the  image 
matching  and  space  intersection  algorithms  moans  that  CPU  times  in 
excess  of  a  few  days  are  not  unco.Timon  for  processing  full  SPOT  scenes  on 
serial  computers.  The  algorithms  have  recently  been  ported  onto  a 
PARSYS™  Supernode  array  of  32  TbOO  transputers  and  results  on  mapping 
the  algorithms  and  computational  speed-ups  will  be  given. 

The  routine  production  of  OEMs  and  associated  ortholmagas  means  that  a 
large  variety  of  image  understanding  tacliniques  can  now  be  applied  to  the 
resultant  data-sets  to  attempt  to  build  a  future  fully  automated  satellite 
interpretation  system. 

Two  components  of  such  a  MIMD  system  will  be  demonstrated,  viz.  the 
application  of  matching  to  automated  change  detection  in  off-nadir  SPOT 
imagery  and  the  application  of  a  Monte  Carlo  ray-tracing  system  for  the 
simulation  of  satellite  images.  Results  will  be  shown  for  the  actual  vs. 
predicted  speed-ups  and  the  difficulties  and  advantages  of  using 
transputers  In  such  a  processing  system. 

’In  collaboration  with  Thom  EMI  Central  Rasaarch  Laboratorlai,  Royal  Signals  and  Radar 
Establishment  Malvorn.  User-Scan  Laboratories  and  ihi  Department  ol  Computer  Science, 
Unt/eralty  College  London. 
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ABsmAcr 


While  Imaging  ipectromeoy  it  in  the  pnsctti  of  itvolutionizing  the  world  of 
remote  $entin|  Imagery,  users  of  this  data  are  faced  with  the  problem  of  processing 
and  analjrclng  tbia  wuuiplcA  data  In  t  stiuely  fashion.  These  instruments  acquire  mul- 
tispectni  image  data  in  hundreds  of  narrow,  contiguous  spectral  bands  covering  the 
visible  and  ihort-wave  infrared  pordon  of  the  spectrum.  Such  high  resolution  spectral 
dau  it,  in  principal,  capable  of  providing  extremely  detailed  information  regarding  the 
surface  compositioo  of  the  earth  (or  planetary  bc^ei  for  space  expioradon  applicr~ 
dons)  throu^  spectral  signature  analysis.  Unlke  tradidontl  muldspectrai  imaging  s>s- 
terns,  which  use  a  few  broad  spectral  bands,  imaging  spectrometer  instruments  provide 
spectral  sampling  suiScient  for  direct  surface  materials  identliicadon  rather  than  simple 
class  discrlmlnadon.  Oiven  the  complexity  and  volume  of  this  data  it  is  clear  that' 
there  is  a  strong  need  for  development  of  efficient  analysis  algorithms  and  computing 
architectures  in  ord«r  to  fully  realize  the  tiemenduut  potential  of  these  inetrunwnts  for 
the  remote  senxini  science  coamonity. 

This  paper  describes  some  early  results  in  devdopment  work  aimed  si  building  a 
proto^ix  bigh-performtnee  science  analysis  worksudon  environment  bued  on  rda< 
dvdy  small  MIMD  Hypereube  conctatent  processors.  The  current  Implemenution 
uses  an  8-node  JPL/Caltech  Mart  HI  hypennibe  dghily  coupled  to  a  commercial  Sun-C 
worirsauion.  A  mqjor  portion  of  this  effort  has  been  development  of  a  concurrent 
Image  pioceuing  system  which  provides  Interfaces  for  both  the  science  user  and  the 
np^liraHctnt  prtygrmaammf,  Th«  Kf«fk  ZZX  Kjpwowbc  (•  «  SQNII?  U)*wlu»sb| 

and  this  paper  discusses  some  of  the  issues  involved  In  utUludoo  of  this  architecture 
for  imaging  spectrometry  and  image  processing  in  general.  In  particular,  the  question 
of  problem  dKonqxisidon  on  the  hypercube  is  disussed  along  with  issues  relating  to 
the  fact  that  it  is  operated  as  an  attached  processor  on  a  host  machine.  Finally,  results 
of  automatic  materials  identiiicadon  and  spectral  mixing  decomposdon  In  imaging 
spectrometry  data  are  shown  which  illustrate  the  power  and  flexibility  of  this  system 
for  remote  sensing  icicooe-analyai.- 
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ABSTRACT 

Physical  structures  and  facies  variations  in  bedrock  and 
■  sedimentary  horizons  may  not  be  confined  to  a  specific 
spectral  reflectance  domain.  These  features  may  be  part 
of  one  or  more  reflectance  or  topographic  boundaries 
that  may  be  revealed  only  by  subtle  alterations  that 
outline  a  continuous  physical  shape  or  texture.  These 
anomalous  features  are  best  displayed  by  procedures  that 
emphasize  the  continuity  of  shapes  and  textures  rather 
than  the  discrimination  between  spectral  reflectance 
channels.  Band  pass  filters  that  enhance  features  of 
specific  size  and  display  them  without  the  distraction  of 
conflicting  larger  or  smaller  features  are  effective  for 
image  analysis.  A  sequence  of  spatial  filters,  each 
designed  to  retain  a  relatively  small  size  range  of 
features,  can  be  applied  to  the  image  and  results 
displayed  for  interpretation. 

Band  pass  filters  can  be  applied  in  the  spatial  domain  by 
convolution  or  by  its  operational  transform  in  the 
frequency  domain  using  multiplication.  Frequency 
domain  filtering,  with  its  added  advantage  of  permitting 
the  recognition  of  preferred  orientations  in  the 
frequency  spectrum,  filtering  the  features  of  interest, 
then  converting  the  image  back  to  the  spatial  domain 
using  the  Inverse  Fourier  transform,  enables  the  design 
of  filters  for  image  enhancement.  Parallel  Fast  Fourier 
transform  software  allows  for  the  display  of  the  Fourier 
spectrum,  the  design  of  any  number  of  narrow  band, 
radially  symmetrical  zero  phase  filters,  and  the 
calculation  and  display  of  the  resulting  image  in  the 
spatial  domain. 

Filtered  Thematic  Mapper  data  over  the  Patrick  Draw 
region  of  southwestern  Wyoming  show  the  presence  of 
features  that  were  not  distinguishable  in  the  original 
image.  Standard  enhancement  techniques  improve  the 
original  image  but  do  not  cause  subtle  features  to  stand 
out.  Band  pass  filtering  has  proven  very  effective  in  the 
display  and  analysis  of  subtle  features  that  may  be 
masked  by  unrelated  reflectances  in  the  original  data. 
This  ability  is  significant  because  these  subtle  features 
may  have  economic  and  environmental  importance. 


Keywords:  remote  sensing,  frequency  domain  filtering, 
parallel  processing. 


I.  INTRODUCTION 

A  remotely  sensed  image  represents  the  sum  of 
electromagnetic  energy  reflected  or  emitted  by  the 
Earth’s  surface  and  the  atmosphere  that  is  measured  and 
recorded  by  the  sensor.  It  includes  the  reflectance  from 
all  physical  features  that  make  up  the  scene,  ranging 
from  large  regional  geologic  structures  to  small 
agricultural  areas  and  man-made  structures.  Usually  the 
smaller  and  brighter  features  dominate  .the  appearance 
of  the  image  and  mask  medium  sized,  and  larger 
features.  Spatial  filtering,  using  precisely  designed 
narrow  band  filters,  permits  the  extraction  and  display  of 
specific  features  that  are  present  in  the  image.  Frequency 
domain  filtering,  utilizing  Fast  Fourier  Transform 
software  and  powerful  parallel  processors,  allows  for 
almost  real  time  design  and  application  of  any.  desired 
spatial  filters  and  rapid  viewing  of  filtered  results.  The 
extracted  features  can  be  displayed  singularly  or  added 
back  to  the  original  image  so  that  selected  features 
appear  enhanced  against  the  original  background. 

II.  THE  FOURIER  TRANSFORM 

In  its  original  form  the  image,  in  the  spatial  domain,  is 
defined  by  rows  and  columns,  in  which  all  features  are 
displayed  as  a  function  of  distance.  The  frequency 
domain  displays  the  information  in  a  satellite  image  in 
terms  of  sinusoidal  components  of  varying  amplitude, 
frequency  and  orientation.  Fourier  transforms  relate  the 
spatial  and  frequency  domains.  The  information  is 
identical  in  either  domain,  however,  the  frequency 
function  consists  of  two  complex  spectra.  One  spectrum 
displays  the  amplitude  of  the  component  frequencies, 
and  the  other,  their  phase.  Frequency  domain  filtering 
is  the  operational  transform  of  distance  domain  filtering 
and  normally  involves  the  altering  of  the  amplitudes  of 
selected  frequency  components.  The  phase  spectra 
relates  to  the  position  of  the  physical  features  in  the 
image  and  is  not  altered. 
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As  Cooley  and  Tukey  (1965)  and  Gentleman  and  Sande, 
(1966)  desaibed,  the  two-dimensional  Fourier  transform 
of  a  function  g(x,y)  is: 

•{90 

G(ii,v)  =  /  f  g(j«,y)-2iti{ux+v7)  dxdy 


The  Inverse  transform  is  defined  by: 

+W  +00 

g(5^y)  =  J  !  G(u,v)2«i(xu+yv)  dudv 


The  digital  implementation  of  the  Fourier  transform  is: 
M-1  N-1  -2ni(ini +]<ii) 

F(m,n)  =111  f(j,k)  m  n 

MN  j=0  k=0 
m-0,1, . ,M-1 

The  Inverse  Fourier  transform  is  given  by: 

M-I  N-1  2/[!frm  +  kn) 

«j,k)  =12  5:  F(m,n)  “  n 

MN  m=0 

1  =  0,1 . ,M.l 

k- 0,1,...,  N-1 

The  Fast  Fourier  transform  (FFT)  has  replaced  the 
standard  digital  Fourier  transform  because  of  its 
computational  speed  (Cooley  and  Tukey,  1965;  Bergland, 
1969).  In  the  FFT  the  number  of  operations  is 
proportional  to  where  N  is  the  number  of  sample 
points,  whereas  the  number  of  operations  required  for 
the  standard  Fourier  transform  is  Nlog^N. 


m.  FILTERING 

Filtering  in  the  spatial  domain  requires  that  the  filter 
operator  be  convolved  with  the  image.  Filtering  in  the 
frequency  domain  is  the  operational  transform  of 
convolution  and  consists  of  multiplying  the  amplitude 
spectrum  of  the  filter  by  the  amplitude  component  of 
the  image  and  adding  their  phases. 

The  image  in  the  frequency  domain  is  displayed  as  an 
amplitude  spectrum  or  a  phase  in  which  the 
components  are  related  to  their  specific  frequencies.  The 
area  around  the  zero  origin,  the  center  of  the  amplitude 
spectrum,  corresponds  to  the  low  spatial  frequencies. 
The  area  near  the  outside  edges  of  the  spectrum  relates 
to  the  high  spatial  frequencies,  and  the  intermediate 
frequencies  lie  in  the  intervening  area. 

The  filter  consists  of  frequency  components  that  are  to  be 
retained.  If  the  filter  has  radial  symmetry  about  the  zero 
frequency  origin  then  it  has  zero  phase  characteristics 
and  the  phase  spectra  can  be  ignored.  All  retained 
features  in  the  filtered  output  will  be  in  their  correct 
positions  and  orientations.  If  the  frequency  components 


in  the  filter  are  made  equal  to  one,  they  will  be 
increased.  If  the  filter  components  are  made  equal  to 
zero  then  the  component  they  represent  in  the  output 
will  be  deleted. 

A  simple  but  useful  category  of  filters  either  allows  or 
blocks  a  band  of  frequencies  from  passing  through. 
There  are  three  general  types  of  filters:  low  pass,  high 
pass  and  band  pass.  Large,  regional  features  in  the  image 
are  made  up  primarily  of  low,  long  wavelength  spatial 
frequencies.  Features  of  intermediate  size  are  composed 
of  medium  scale  spatial  frequencies,  while  small 
features  dominate  the  high  frequencies. 

Filter  band  widths  should  be  at  least  one  octave  to 
prevent  side  lobe  oscillation  or  ringing.  Because  steep 
boundaries  require  high  frequencies  for 'their  definition, 
the  output  from  low  and  intermediate  features  will  tend 
to  be  rounded  but  will  be  correct  in  terms  of  shape  and 
position.  The  maximum  frequency,  or  shortest 
wavelength  that  can  be  measured  other  than  the  zero 
frequency,  is  the  Nyqulst  frequency  with  a  wavelength  of 
two  samples.  The  minimum,  or  lowest,  that  can  be 
detected  has  a  wavelength  equal  to  one-half  the  number 
of  samples  in  the  transformed  image.  Filters  can  be 
selected  anywhere  between  these  two  end  members. 

Where  the  size  of  a  feature  is  known  it  can  be  extracted 
by  selecting  a  center  frequency  of  the  one  octave  pass 
band  that  has  a  wavelength  of  twice  the  width  of  the 
feature.  The  band  pass  filter  should  include  at  least  one- 
half  octave  on  either  side  of  this  center  frequency. 
Where  it  is  necessary  to  test  for  a  number  of  features  of 
different  sizes  the  parallel  processing  system  enables  the 
use  of  a  large  number  of  filters  ranging  from  low  to  high 
pass;  thus  the  analyst  can  selectively  enhance  and 
display  all  contained  features.  Just  as  selected  features 
can  be  enhanced  on  the  basis  of  their  size,  so  can 
unwanted  features  be  eliminated  from  the  image  by  the 
use  of  notch  filters.  These  filters,  which  eliminate  a 
selected  range  of  frequencies,  can  delete  regular  patterns 
such  as  agricultural  field  patterns  to  improve  the  overall 
image  appearance  and  aid  interpretation.  Notch  filters 
can  be  very  narrow  to  eliminate  regular  patterns  such  as 
stripping  and  not  effect  any  other  features  in  the  image. 

rV.  COMPUTER  PROCESSING 

A  two-dimensional  Fast  Fourier  transform  program, 
running  on  a  Connection  Machine,  was  utilized  to 
process  the  satellite  data.  The  Connection  Machine  is  an 
SMID  (single-instruction,  multiple-data),  fine-grained 
parallel  computer  consisting  of  up  to  64,000  processors 
connected  to  a  general  communication  network  (Hillis, 
1985;  Treleaven,  1938).  Many  algorithms  that  process 
digital  images  perform  computations  that  can  be  applied 
to  each  pixel  simultaneously  (Rosenfeld  and  Kak,  1982). 
These  algorithms  are  well-suited  to  implementation  on 
architectures  like  the  Connection  Machine.  Each  pixel 
in  the  image  is  assigned  to  one  processor,  and  processor 
communication  is  kept  to  a  minimum,  resulting  in  a 
significant  speed-up  over  sequential  algorithms  that 
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process  one  pixel  at  a  time.  With  the  parallelism  of  the 
Connection  Machine,  all  the  rows  in  an  image  are 
computed  at  the  same  time,  and  then  all  the  columns. 

The  program  computes  the  FFT  of  an  image  band,  saves 
the  amplitude  spectrum,  applies  a  user-specified  circular 
function  to  filter  desired  frequencies,  and  computes  the 
Inverse  FFT  to  convert  the  image  back  to  the  spatial 
domain.  All  stages  of  processing  are  viewed  on  a 
networked  color  Sun  workstation. 


V.  EXAMPLE 

A  512x512  pixel  subset  of  a  Thematic  Mapper  (TM)  band 
5, 1.55-1.75nm,  of  the  Patrick  Draw  area  of  southwestern 
Wyoming,  containing  a  major  oil  field,  was  selected  for 
analysis.  A  sequence  of  narrow  band  filters  was  applied 
to  determine  if  the  oil  field  could  be  displayed  by 
selective  analysis.  Figure  1  is  the  original  image,  and 
Figure  2  is  the  amplitude  spectrum.  Processing  the  data 
on  the  Connection  Machine  permitted  the  almost- 
immediate  display  of  a  sequence  of  filters  and  their 
resulting  filtered  images.  The  low  pass  filtered  image 
illustrated  in  Figure  3,  with  its  corresponding  filter  in 
Figure  4,  shows  an  anomaly  that  corresponds  with  the 
outline  of  the  Patrick  Draw  oil  field.  The  high  frequency 
image.  Figure  5,  resulting  from  the  application  of  the 
filter  illustrated  in  Figure  6,  shows  closely  spaced  detail 
over  the  oil  field  and  appears  to  be  related  to  roads  and 
field  development.  Drainage  features  are  more 
prominent.  The  application  of  a  band  pass  filter.  Figure 
7,  designed  to  remove  the  zero  frequency  and  high 
frequencies,  enhances  the  outline  of  the  oil  field  (Figure 
8).  The  edges  are  not  as  well-defined  as  in  the  low  pass 
filtered  image  however;  the  true  margin  of  the  field  is 
not  accurately  known. 


VI.  CONCLUSION 

Frequency  domain  filtering  using  parallel  processing  is  a 
fast,  effective  method  of  image  analysis  that  allows  for 
the  extraction,  removal  and  enhancement  of  features  in 
almost  real-time  mode. 
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Figure  1:  Original  TM  Band  5  image  of  the  Patrick 
Draw  area  of  southwestern  Wyoming,  Patrick  Draw  oil 
field  trends  southwest-northeast. 


Figure  2:  Amplitude  spectrum  of  TM  band  5. 


Figure  3:  Low  pass  fillered  image. 


Figure  5:  High  pass  filtered  image. 


Figure  4;  Low  pass  filler. 


Figure  6:  High  pass  filler. 


Figure  8:  Band  pass  filter. 
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ABSTRACT 

Edges  can  be  defined  as  the  transition  zones  between  areas 
in  an  image,  which  have  different  properties.  The 
problem  of  edge  detection  is  of  great  interest  in  image 
processing  with  many  different  techniques  being 
proposed,  most  of  which  are  based  on  differencing  or 
gradieiits.  This  study  seeks  to  assess  the  feasibility  of  using 
airborne  Synthetic  Aperture  Radar  (SAR)  images  in  linear 
feature  detection  and  identification.  The  first  stage 
involves  implementation  and  assessment  of  speckle 
reduction  using  five  spatial  filters.  The  next  stage  of  the 
study  considers  the  implementation  of  statistical  texture 
analysis  procedures  prior  to  the  application  of  linear 
feature  extraction  techniques.  The  last  step  of  this 
research  attempts  to  find  an  optimal  segmentation 
technique  which  utilizes  texture  for  linear  feature 
detection.  The  data  used  are  from  an  image  of  the 
Brazeau  Range  area  NW  of  Calgary,  Alberta  collected  with 
the  Intera  Technologies  Ltd  STAR-1  SAR  system.  The 
overall  objective  is  to  develop  techniques  that  will  be 
relevant  to  solution  of  the  mapping  problems  faced  by 
tropical  areas,  due  to  cloud  cover. 


INTRODUCmON 

SAR  images  contain  a  large  number  of  different  features, 
both  natural  and  man-made.  For  the  intensive  use  of  the 
images,  it  is  necessary  to  detect  a  wide  range  of  clearly 
identified  objects.  The  digital  analysis  involves  spatial 
information,  with  the  specific  process  dependent  on  the 
type  of  imagery  and  target  objects.  Radar  imagery  is  often 
disturbed  by  noise  (speckle)  and  careful  elimination  of  the 
speckle  is  necessary  for  reliable  object  detection. 
Reduction  of  speckle  in  SAR  imagery  needs  to  be 
performed  in  such  a  way  that  the  objects  to  be  detected  are 
retained  or  enhanced  while  the  random  nc  e  is  removed 
or  reduced.  The  speckle  in  radar  imagery  requires  flexible 
techniques  as  different  applications  and  target  objects  will 
affect  the  choice  procedures.  For  example,  the  choice  of 
the  type  and  spatial  extent  of  the  speckle  reduction  filter  is 
dependent  on  the  type  and  size  of  the  linear  feature  of 
interest. 


In  passive  sensor  images,  such  as  Landsat  and  SPOT, 
brightness  differences  can  be  attributed  to  variations  in  the 
target  reflectivity.  However,  in  a  radar  scene,  the 
brightness  differences  are  due,  not  only  to  the  variation  in 
reflectivity,  but  also  are  the  result  of  differential  grazing 
angles,  which  affect  the  scattering  coefficient.  The 
backscatter  from  a  radar  scene  may  change  by  several 
orders  of  magnitude  with  relatively  minor  variations  in 
the  viewing  angle.  In  radar  imagery  the  electromagnetic 
interaction  with  the  targets  is  also  modified  by  the  object’s 
dielectric  constant.  Thus  a  global  classification  of  targets 
based  on  spectral  properties  is  not  a  reliable  technique. 

The  spatial  variability  in  scattering  properties  from  targets 
gives  them  an  intrinsic  texture  which  can  be  represented 
as  a  texture  random  variable  (Ulaby  et  al.,  1986).  Thus,  it  is 
expected  that  valuable  information  can  be  determined  by  a 
measure  of  textural  variance  within  a  radar  scene.  An 
auto-correlation  function  can  be  used  to  measure  the 
spatial  variability  (texture)  in  an  image,  and  to 
discriminate  different  land  cover  types.  The  intent  of  this 
study  is  to  optimize  this  texture  analysis  process  to 
segment  for  iinear  feature  detection. 


TEXTURE 

Texture  is  an  important  aspect  in  image  analysis  as  it 
involves  a  measure  of  both  the  spectral  and  spatial 
variation  in  the  scene.  The  primitive  of  the  image  texture 
is  a  collection  of  pixels  which  share  a  common  property 
and  are  geometrically  connected.  These  pixels  are  related 
to  the  texture  with  a  relationship  which  may  be  structural, 
probabilistic  or  both.  According  to  Haralick  (1979),  there 
have  been  several  statistical  approaches  to  the 
measurement  and  characterization  of  image  texture. 
Some  of  these  are  spatial  gray  tone  co-occurrence 
probabilities,  gray  tone  run  lengths,  and  textural  edgeness. 
The  properties  of  image  texture  can  be  described  as 
fineness,  coarseness,  randomness  and  regularity,  which 
can  be  translated  to  tonal  primitives  and  relations 
between  tonal  variations. 

Textural  information  in  an  image  is  contained  in  the 
spatial  relationship  of  the  gray  levels  and  is  therefore  a 
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function  of  distance  and  direction  of  the  relations  (Pu)tz 
and  Brown,  1987).  However,  in  this  study,  these  spatial 
gray  tone  co-occurrences  will  be  used  to  detect  linear 
features  in  the  imagery  based  on  their  implicit  directional 
information.  Co-occurrence  is  a  modelling  of  the  texture 
based  on  the  distribution  of  the  gray  tones  in  an  area, 
using  a  frequency  of  occurrence  in  a  specific  spatial 
relation,  which  has  both  directional  and  distance 
parameters. 


0°  (horizontal),  45°  (right-diagonal),  90°  (vertical)  and  135° 
(left-diagonal).  The  distance  parameter  was  defined  as  one 
pixel  (adjacent  pixel),  two  pixels  and  four  pixels.  For 
example  in  Figure  la,  the  value  20  for  the  element  in  the 
(2,2)th  position  of  the  co-occurrence  matrix,  is  calculated 
from  Figure  lb  as  the  total  number  of  times  gray  tones  of 
value  2  and  2  occurred  with  one  pixel  and  two  pixel 
distances  for  the  four  directions. 


FEATURE  ANALYSIS 

The  techniques  discussed  in  the  previous  sections  are 
implemented  to  quantify  the  spatial  relationships  between 
pixels  in  the  imagery  to  either  reduce  or  enhance  certain 
effects  based  mainly  on  the  texture.  The  research  in 
progress  is  using  the  STAR-1  data  of  the  Brazeau  area  NW 
of  Calgary,  Alberta.  The  data  were  resampled  to  a  pixel 
size  of  6m.  The  speckle  reduction  involves  evaluation  of 
five  different  spatial  filters.  The  filters,  mean,  median, 
mode,  nearest  values  and  minimum  variance,  are  applied 
to  the  radar  imagery  with  a  fixed  kernel  size.  These  are 
low  pass  filters  that  remove  the  high  frequency 
component,  which  is  assumed  to  be  noise,  by  smoothing 
out  isolated  points  of  high  variance  (Paine,  1987). 

First  Order  Statistic 

The  first  phase  of  the  research  is  to  analyze  the  imagery 
using  a  first  order  statistic,  which  is  simply  concerned 
with  the  frequency  of  the  gray  levels  in  the  scene.  The 
first  order  statistic  can  be  described  by  the  distribution  of 
the  gray  levels  for  a  measure  of  the  domain  and  range  of  a 
fixed  area.  Examples  of  these  are  the  calculation  of  the 
mean  for  location,  the  standard  deviation  to  measure  the 
dispersion,  the  skewness  to  describe  the  asymmetry,  and 
the  kurtosis  to  represent  the  shape  of  the  distribution. 
These  statistics  provide  a  more  robust  measure  for  feature 
identification,  as  they  involve  local  distributions  rather 
than  simple  absolute  values. 

It  is  possible  to  use  these  measures  for  relative 
comparisons  within  each  local  area.  An  example  of  this 
would  be  the  measure  of  difference  between  the  actual 
central  pixel  value  and  the  expected  value  based  on  the 
measured  distribution.  However,  if  the  kernel  used  to 
calculate  the  statistics  covers  more  than  one  target  then 
these  measures  are  unreliable.  To  avoid  the  multitarget 
problem,  it  is  necessary  to  analyze  the  relationship 
between  the  target  pixel  and  its  neighbours  using  a  second 
order  measure. 

Co-ocunence:  Spatial  Gray  Level  Dependence 

Co-occurrence  measures  are  an  eslimate  of  the  frequency 
of  gray  tones  relationship,  which  is  a  specific  spatial 
relation  with  distance  and  directional  parameters.  This 
method  computes  the  second  order  statistic  based  on  the 
probability  of  a  pixel  with  value  i  having  a  spatially 
related  pixel  with  value  j  (Dube  et  al.,  1986).  In  this  study 
the  directional  parameter  used  to  calculate  the  co¬ 
occurrence  matrix  was  specified  for  the  four  directions  of 
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Figure  1.  (a)  Co-occurence  matrix  calculation  from 
(b)  3x3 window 

Windows  of  5  x  5  to  7  x  7  pixel  kernel  are  used  to  derive 
the  co-occurrence  matrix.  The  kernel  size  was  chosen  so 
that  there  would  be  a  meaningful  distribution  of  gray 
tones  from  each  application.  To  process  the  co-occurrence 
matrices  in  the  real  image,  which  has  very  many  gray 
levels,  is  not  always  possible.  It  is  often  necessary  to 
reduce  this  range  of  gray  levels  by  a  transformation  to  a 
uniform  distribution  with  fewer  values.  This  was 
achieved  with  the  use  of  histogram  equalization 
techniques. 

From  the  co-occurrence  matrix,  a  variety  of  measures  can 
be  employed  to  extract  textural  information.  The' study  is 
utilizing  four  measures  of  texture  selected  from  Haralick 
(1979)  who  desCTibed  seven  different  measures  that  can  be 
used  for  this  kind  of  work.  The  four  chosen  are  : 


1)  Contrast :  ZZ  (i  -  j)2  p(i,j) 

i  j 

2)  Uniformity:  ZZ[p(i,j)]2 

i  j 


3)  Correlation: 

4)  Entropy : 


(i  -  Ui)(j  -  Uj)  P(i/j) 
i  j  Oi  Oj 

ZZ  p(i,j)  log  p(i,j) 

i  j 


where : 

p(i/]):  (i,j)  of  the  co-occurrence  matrix 
i:  gray  level  at  row 
j:  gray  level  at  column 
u:  mean  value 
o:  standard  deviation 
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Contrast  measures  the  amount  of  variation  in  the  image 
segment,  uniformity  is  a  measure  of  homogeneity, 
correlation  is  a  measure  of  gray  tone  linear  dependencies 
and  entropy  is  a  measure  of  the  complexity. 

The  co-occurrence  matrix  is  used  for  segmentation 
according  to  texture  measures  in  the  image.  If  the  co¬ 
occurrence  matrices  of  a  region  (image  segment)  are 
similar,  then  the  region  is  considered  to  be  "uniform"  in 
texture  and  may  be  classed  as  a  single  target.  After  a 
number  of  "uniform"  regions  have  been  identified,  then 
the  parameters  (attributes)  of  the  region  can  be  used  for 
further  segmentation  as  described  in  the  process 
diagramed  in  Figure  2. 


Figure  2.  Segmentation  processing  flow  chart 


RESULTS 

Five  edge  preserving  filters  were  used  to  reduce  the 
speckle  effect  of  a  single  data  set.  The  data  used  in  this 
study  were  collected  in  April  1986.  The  image  covers 
approximate  6.5  x  6.5  km  with  a  6  x  6  m  pixel  (see  Figure 
3).  This  segment  of  the  SAR  image  comprises  an  area  of 
the  Rocky  Mountains,  which  contains  relatively 
homogeneous  surface  conditions.  The  image  data  used 
were  digitally  preprocessed  by  Intera  Technologies  Ltd, 
Calgary,  Alberta  and  resampled  and  rectified  by  Vecxel 
Corporation,  Boulder,  Colorado. 

A  good  edge  preserving  filter  should  maintain  edges  and 
textures.  Therefore,,  it  is  expected  that  after  filtering  the 
images  will  have  more  contrast  compared  to  the  original. 
Therefore,  for  linear  feature  extraction,  the  edges  in  the 
filtered  images  should  be  true  in  position,  but  more 
apparent  and  distinct  than  their  surroundings.  This  is 
necessary  for  the  next  steps  such  as  enhancement  and 
segmentation.  To  assess  this,  the  filtered  images  were 
evaluated  by  visual  interpretation,  by  comparing  the 
original  and  filtered  images.  In  this  test,  in  fact,  all  five 
filters  smoothed  out  speckle  but  overall  the  linear  features 
are  not  distinct  enough  to  be  recognized  digitally. 

The  mean  filtered  image  is  the  result  of  averaging  the 
nine  pixel  values  in  the  kernel.  The  averaged  value  was 
assigned  to  the  central  pixel  position  in  the  new  filtered 
data  set.  The  image  is  smoothed,  however,  this  filter 
moved  the  position  of  linear  features.  According  to  Paine 
and  Mepham  (1986),  this  filter  causes  several  classes  of 
similar  values  to  merge,  and  thus  changes  the  shape  of 
areas. 

The  median  filter  (Figure  4)  maintained  the  edges  and  the 
positions.  This  filter  basically  assigns  only  the  middle 
value  of  the  range,  from  the  minimum  and  maximum 
values  in  the  kernel,  to  the  central  pixel.  Therefore  well 
defined  linear  features  in  the  original  are  maintained,  and 
weak  linear  features  in  the  original  are  faded.  This  filter 
gave  a  good  result. 

The  mode  filter  (Figure  5)  eliminated  some  of  the  linear 
features.  A  nearest  values  filtered  image,  also  reduced  the 
linear  features,  similar  to  the  mode  filter.  The  last  filter, 
minimum  variance,  was  used  with  a  3  x  3  box  and  1x3 
bars.  Both  methods,  box  and  bars,  gave  poor  results  in 
maintaining  the  linear  features.  Overall,  of  the  five  fiiters 
used,  the  median  filter  gave  the  best  result. 


CONCLUSIONS 

The  aim  of  this  study  is  to  assess  the  feasibility  of  using 
SAR  images  in  linear  feature  detection  without  the  help 
of  other  remote  sensing  images  or  land  register.  This 
paper  reports  on  the  first  part  of  this  work  which  is  the 
implementation  of  the  first  order  statistic.  This  involves 
filtering,  which  is  performed  to  enhance  the  visual 
appearance.  In  this  test  the  evaluation  of  the  filtered 
images  was  done  visually.  However,  in  reality,  a  visual 
assessment  of  quality  is  a  subjective  measure.  Therefore 
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this  criterion  can  only  be  applied  for  evident  distortions. 
A  more  quantitative  comparison  could  be  determined  by 
computing  the  ratio  between  the  mean  values  and 
standard  deviations  for  all  the  filtered  images,  i.e.  the 
signal-to-noise  ratio. 

Each  of  the  five  filters  applied  gave  a  unique  result  which 
can  lead  to  the  selection  of  a  particular  type  of  filter  to 
obtain  a  certain  objective.  However,  from  the  results  of 
this  filtering,  the  linear  features  were  not  statisfactorily 
enhanced  to  be  recognized  automatically  (digitally).  This 
shows  that  the  five  filters  used  in  this  work  are  not 
appropriate  for  the  linear  feature  extraction  using  radar 
imagery.  The  reason  is  that,  in  these  filters,  the  noise  is 
assumed  to  have  a  normal  distribution,  whereas  the  noise 
(speckle)  in  radar  imagery  is  uniform.  Therefore  linear 
feature  detection  for  radar  imagery  should  use  another 
approach.  In  this  study  future  work  will  involve  the 
spatial  gray  tone  co-occurrence  to  detect  linear  features 
based  on  their  implicit  directional  information. 
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Figure  3.  Original  SAR  image 


Figure  4.  Median  filtered  image 


Figure  5.  Mode  filtered  image 


2246 


A  TECHNIQUE  FOR  ROAD  DETECTION  FROM 
HIGH  RESOLUTION  SATELLITE  IMAGES 


L.LALITHA 
NNRMS-ISRO 
ANTARIKSH  BHAVAN 
NEM  BEL  ROAD 
BANGALORE  S&iaC)34 
INDIA 


ABSTRACT 

Availftbli?  enhancement  techniques  e'«re 
applied  to  a  Landsat  TM  urban  scene  to 
ascertain  Minch  of  the  techniques  is 
effective  in  improvina  the  contrast  of  the 
road  features  in  the  imaqe.  Templates 
designed  to  respond  to  linear  features  in 
an  image  are  applied  to  detect  roads  from  a 
satellite  itnaae. 

KEYWORDS  Linear  feature,  image 

enhancement,  band  ratio. 

1.  INTRODUCTION 

Extraction  of  road  networks  from  high 
resolution  satellite  images  of  Landsat 
thematic  mapper  (TM> .SPOT  and  LI5S  II  of 
the  Indian  Remote  Sensing  satellite  is  a 
challenging  task  in  digital  image 
processing.  Specially  in  developing 
countries  where  infrastructure  development 
is  an  ongoing  process,  satellite  images  are 
useful  to  monitor  and  assess  the  need  for 
additional  roads  as  well  as  design  the  road 
network.  Road  materials  generally  have  a 
high  reflectance  in  the  visible  bands 
IBajcsy  and  Tavakoli,  1976j  Raja  Rao  and 
Mahabala.  1983).  Although  the  width  of  the 
roads  is  less  than  the  spatial  •'esolutlon 
of  the  sensor,  the  feature  is  picked  up 
whenever  its  spectral  contrast  is 
significant  with  respect  to  its  background. 
A  road  mav  be  considered  as  a  linear 
feature  wherein  the  grey  value 
distributions  on  both  sides  of  the  road  are 
similar.  Thus  the  problem  of  detection  of 
roads  from  satellite  images  can  be  posed  as 
a  problem  of  detecting  linear  features  from 
these  images. 

Fischler  et.al.<1981)  used  a  Duda-road 
operator  together  with  edge  detection 
wC  ciwtiwwZw  ir?  Jtri 

imagery.  Recently  Ton  et. al .( 1987) proposed 
a  three  stage  approach  to  detect  and  label 
roads  seen  in  Band3  of  Landsat  TM  image. 
Wano  and  Newkirk (1983)  demonstarted  that  a 
K-means  clustering  algorithm  implemented  on 
the  Laplace  transformed  images  of  bands 
1,2,3  from  Landsat  TM  can  extract  the 
hlghwav  network  from  a  subscene.  In  this 
paper  we  will  discuss  the  effect  of 


different  enhancement  techniques  in 
sharpening  the  roads  in  a  satellite  image. 
A  methodology  to  detect  the  road  pixels  is 
then  described.  This  is  illustrated  for  a 
small  part  of  the  subscene. 

2. ENHANCEMENT  OF  LINEAR  FEATURES 

Linear  features  from  an  image  can  be 
extracted  using  local  methods  or  global 
methods.  However,  due  to  the  lack  of 
contrast  between  the  road  pixels  and  its 
background,  enhancement  of  the  raw  data 
becomes  necessary  prior  to  the  application 
of  local  methods.  The  type  of  enhancement 
to  be  applied  will  depend  on  the  background 
in  which  the  road  is  observed. .And  yet, even 
with  similar  background,  it  is  difficult  to 
decide  which  enhancement  technique  should 
be  applied. 

A  subscene  of  400  X  400  pixels  from 
Landsat  image  containing  an  urban  setup  is 
used  for  illustration.  It  was  noted  that 
the  visual  clarity  of  roads  was  the  Jiest  in 
bands  3,4.5  of  the  data.  A  false  colour 
composite  (FCC)of  these  three  bands 
resulted  in  an  image  (Fig.l)  with  enhanced 
road  features.  This  is  found  to  be  in  good 
agreement  with  the  observation  made  bv 
Hord(1986>  that  the  conventional  FCC 
obtained  with  bands  2,3,4  does  not  improve 
the  overall  contrast  of  the  image.  A 
principal  component  analysis  of  bands 
2, 3, 4, 5.  and  7  was  then  carried  out.  It  was 
observed  that  linear  features  were  not 
enhanced  in  any  of  the  component  images.  A 
FCC  of  the  first  three  principal  component 
images  (Fig. 2)  however,  resulted  in  an 
image  with  an  improved  contrast  for  the 
urban  features.  Although  edge  detectors 
have  been  used  to  detect  linear  features, 
it  WAT*  'fcunci  '^nhAncc?Micrst 
techniques  such  as  the  Robert's  operator 
did  not  in  any  way  enhance  the  linear 
feature  in  the  image  under  study.  Of  the 
various  band  ratios  tried,  i.  was  found 
that  the  ratio  image  generated  using  bands 
1  and  4  significantly  highlihted  the 
road(Fiq.3>.  It  must  be  emphasised  that 
this  particular  band  ratio  may  not  enhance 
the  road  features  in  all  the  urban  scenes. 
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3.  METHODOLOGY  FOR  ROAD  DETECTION 

Loccil  method*  of  linear  -feature 
extraction  involve  detection  of  pixels  that 
belong  to  linear  features  and  then  building 
up  the  linear  features.  Detection  of  line 
pixels  is  done  by  operating  a  series  of 
templates  that  are  expected  to  respond  to 
linear  features.  Usually  the  templates 
operate  on  the  first  order  neighbours  of  a 
pixel.  We  have  designed  templates  that 
operate  on  the  second  order  neighbours  of  a 
pixel,  since  it  is  expected  that  the 
contrast  between  a  line  pixel  and  its  first 
order  neighbours  will  be  rather  low.  One 
pair  of  templates  (Fig. 4 (a) , (b) )  operate  in 
the  first  stage  and  the  maximum  of  the 
responses  is  thresholded  to  pick  up  the 
candidate  line  pixels.  If  the  maximum 
response  is  in  the  horizontal  or  vortical 
direction,  a  second  pair  of  templates 
(Fig.4<c) , <d) )  is  operated  on  these 
candidate  pixels  and  maximum  of  the 
responses  is  thresholded  to  confirm  whether 
the  pixel  is  a  line  pixel  or  not.  If  the 
maximum  response  in  the  first  stage  is  in 
the  diagonal  direction,  then  the  pair  of 
templates  shown  in  Fig. 4 <e) , (f ) ,  are 
operated  on  the  candidate  pixels  in  the 
second  stage.  The  threshold  setting  is 
guided  by  the  modes  of  the  image  grey  value 
histogram  and  can  be  set  apriori.  Those 
templates  can  detect  both  dark  lines  in  a 
light  background  as  well  as  light  lines  in 
a  dark  background.  This  characteristic  is 
particularly  useful  to  detect  roads  from 
enhanced  satellite  images. 

4.  RESULTS 

In  Fig.5<a)  is  shown  a  line  printer 
output  of  a  portion  of  the  urban  scene  of 
Landsat  TM  <Band4/Bandl >  showing  a  road. 
The  proposed  line  detector  was  applied  to 
this  scene.  The  image  grey  value  histogram 
suggested  a  threshold  value  of  30.  However, 
it  was  found  that  with  this  value 
considerabe  non-road  pixels  were  picked  up. 
By  systematically  increasing  the  threshold 
value  it  was  found  that  for  threshold  at 
45,  most  of  the  road  pixels  could  be, 
identified  <fig.5<b.)>.  Once  the  road  pixels 
are  identified  any  of  the  linking 
procedures  could  be  employed  to  build  up 
the  roads. 

5.  CONCLUSION 

Road  detection  from  satellite  images 
reguire  considerable  pre-processing  efforts 
to  obtain  a  high  contrast  image.  It  is  not 
possible  to  decide  apriori  the  best 
technigue  for  the  enhancement  of  linear 
features.  A  FCC  of  bands  3,4,  andS  provide 
the  best  visual  clarity  of  the  road 
network.  For  the  subscene  under 
investigation  it  was  found  that  a  ratioed 
image  (Band4/Bandl )  of  Landsat  TM  data  gave 
the  best  results. 

A  simple  technigue  to  detect  linear 
features  from  satellite  images  has  been 
applied  to  detect  road  pixels  in  a 
subsceno.  The  advantage  of  the  technique 


subscene.  The  advantage  of  the  technique 
lies  in  its  ability  to  detect  roads 
irrespective  of  its  background  (dark  or 
light),  ease  of  implementation,  and  a 
guideline  for  threshold  setting. 
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Abstract 

Shape  and  spectral  inrormation  can  be  used  ns  cues  to  identify 
features  of  interest  in  digital  satellite  and  aerial  imagery.  This  paper 
discusses  and  shows  how  shape  structure  primitives  can  be  extracted. 
Shape  structure  primitives  can  be  selected  based  on  their  geometric 
and  spectral  properties  and  spatial  location.  A  toolbox  of  opera¬ 
tions  allows  the  user  to  identify  the  locations  of  domain  independent 
primitives  which  have  certain  characteristics.  The  photointerpreter 
makes  use  of  global,  contextural  and  textural  information  to  classify 
the  feature  type. 

Keywords)  Remote  Sensing,  SPOT,  Image  Understanding, 
Geographic  Information. 

1  Introduction 

Linear  planiinetric  features  include  such  geographic  features  as 
roads,  shorelines  and  streams.  Rectangular  features  (ie.  roads) 
can  be  defined  by  their  major  center  axis  and  treated  as  linears 
Humans  are  very  good  in  identifying  the  feature  of  interest, 
but  digitizing  is  a  very  tedious  and  time-consuming  operation. 
Technology  in  the  area  of  computer  vision  has  not  advanced 
enough  to  produce  a  robust  automated  feature  extraction  sys¬ 
tem,  but  research  in  this  area  has  showed  how  various  low  level 
operators  can  assist  the  photo-interpreter  in  recognizing  the 
features  of  interest.  The  human  element  is  still  required  in  the 
process  of  image  interpretation,  however  photointerpretation 
could  be  made  faster  if  the  computer  provided  certain  tools 
that  assist  the  user  in  the  task  of  recognizing,  identifying  and 
extracting  planiinetric  features. 

Photointerpretation  makes  use  of  structural  and  spectral  in¬ 
formation  in  the  imagery.  The  photo-interpreter  interprets  the 
input  imagery  information  by  utilizing  domain  specific  knowl¬ 
edge  (pertaining  to  a  particular  geographic  feature)  such  as 
cuntcxl,  texture,  spectral  intensity  and  structure.  The  process 
of  photo-interpretation  is  an  iterative  cyclic  process  involving 
various  viewpoints,  global,  local,  domain  independent,  domain 
dependent,  contextural  and  textural.  Useful  domain  indepen¬ 
dent  shape  information  can  be  automatically  extracted  from 
the  imagery. 

To  speed  up  the  process  of  photo-interpretation  what  is  pro¬ 
posed  is  to  provide  the  user  with  a  set  of  tools  (a  toolkit)  that 


would  assist  in  the  feature  extraction  process.  The  tools  would 
extract  domain  independent  features  (primitives).  Primitives 
are  primarily  defined  by  their  shape  and  secondarily  defined 
by  their  spectral  characteristics.  The  mapping  of  a  primitive 
onto  a  geographic  feature  is  done  by  the  user,  once  the  user 
has  enough  accumulated  evidence  to  make  that  decision.  The 
extraction  of  geometric  structures  is  based  upon  the  extraction 
of  edges  in  the  imagery. 


2  Extraction  of  Shape  Information 

2.1  Edge  Detection 

An  edge  is  a  point  which  indicates  the  presence  of  an  intensity 
change  in  a  certain  direction.  Sub-pixel  precision  edges  in  the 
imagery  are  detected  by  convolving  one  band  of  imagery  with 
a  Difference  of  Gaussian  (DOG)  filter  and  the  identification  of 
zero-crossings  [2j.  The  user  selects  the  appropriate  band  of  im¬ 
agery  and  the  size  of  the  filter.  The  appropriate  image  band  is 
determined  by  what  features  arc  desired  and  how  recognizable 
they  arc  in  that  image  band.  The  size  of  the  gaussian  filter 
used  depends  on  the  resolution  of  the  imagery  and  the  size  of 
the  desired  geographic  features. 

A  collection  of  consecutive  collincar  edges  are  linked  and 
approximated  by  a  set  of  straight  line  segments  (polyline).  Such 
lines  have  radiometric  statistics  computed  for  the  leit  and  right 
sides  to  give  relative  (ie.  bright  or  dark)  or  absolute  measures. 
Straight  line  segments  can  be  paired  into  antiparallcl  line  pain 
(apars).  An  apar  is  a  pair  of  elongated  parallel  lines  which  have 
opposite  contrast  (7). 

2.2  Apar  Primitives 

Apars  are  detected  by  pairing  up  straight  line  segments  which 
approximate  the  edge  boundary.  Straight  lines  are  paired  based 
on  constraints  on  the  following  properties,  line  parallelism,  line 
pair  geometry  and  radiometric  contrast  |8)  |7j. 

Lines  are  perceptually  grouped  together  by  apjdying  certain 
geometric  and  radiometric  constraints.  Neighbouring  parallel 
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lines  are  paired  togetlicr  iiitu  narrow  lincars  and  can  rcprcscnl 
an  areal  feature  sucli  as  a  road  or  building.  Narrow  linears 
are  radiometrically  classified  as  being  either  bright,  dark  or 
undetermined  with  respect  to  their  immediate  neighbourhood. 
Other  possible  geometric  perceptual  groupings  of  linears  in¬ 
clude  collinearity  and  perpendicularity  (corners).  Each  narrow- 
linear  (and  other  perceptually  grouped  lines)  has  a  set  of  at¬ 
tributes  (geometrical  and  radiometric)  associated  with  it. 

2.3  Apar  Grouping  Primitives 

Apars  provide  local  information.  To  make  inferences  with  re¬ 
gards  to  the  type  of  feature,  it  may  be  dcoirable  to  obtain  global 
information.  Certain  disjoint  apars  may  belong  to  the  same 
feature  type.  Apars  can  be  disjoint  because; 

•  The  edge  detection  process  may  have  failed  to  detect  the 
relevant  feature  boundary, 

•  The  linearization  of  the  edge  boundary  may  have  caused 
a  break  between  two  apars,  or 

•  There  are  no  edges  in  the  gap  region.  The  feature  of  in¬ 
terest  has  the  same  reflectance  as  the  neighbuuiiiig  region 
and  the  local  information  is  not  suflicicnt  to  establish  a 
boundary. 

Certain  constraints  arc  applied  to  group  apars  that  arc  of 
the  same  feature  type,  namely: 

•  Proximity  constraint.  The  closer  a  pair  of  apars  arc,  the 
more  likely  they  arc  of  the  same  feature  type, 

•  Gap  radiometric  similarity.  The  radiometric  statistics  of 
the  region  between  two  apars  is  approximately  the  same 
as  the  radiometric  statistics  of  th;  two  apars. 

•  Neighbouring  apar  radiometric  similarity.  The  radiomet¬ 
ric  statistics  of  the  two  apars  are  approximately  similar. 

3  Shape  and  Radiometric  Classifica¬ 
tion 

The  extracted  edges  present  loo  much  information  to  be  use¬ 
ful  as  a  guide  for  digitizing  features.  For  the  edge  information 
to  be  useful,  the  edges  have  to  be  pruned  into  a  useful  sub¬ 
set.  The  user  has  control  over  the  parameters  that  define  the 
constraints  in  the  edge  detection  and  perceptual  grouping  pro¬ 
cesses.  The  edges  can  be  grouped  into  geometric  structures  (i.c, 
apars).  Associated  with  the  edges  and  gcoiiictric  structures  is 
a  set  of  attribute  information  such  as  length,  width  and  radio- 
metric  statistics.  The  set  of  geoiiietru  structures  can  be  pruned 
into  a  manageable  working  subset  by  selection  based  on  suit¬ 
able  attribute  information.  If  roads  arc  the  feature  of  interest 
in  SPOT  PLA  imagery,  then  bright  long  apars  arc  selected. 
Short  and  bright  apars  arc  selected  if  the  feature  of  interest  arc 
buildings  in  SPOT  PLA  imagery.  A  binary  mask  can  be  used  to 
select  geometric  structures  within  a  defined  spatial  area.  Flex¬ 
ibility  within  the  toolbox  of  operations  is  provided  by  allowing 


the  user  to  interactively  constrain  what  to  observe  and  use  for 
digitizing  based  on  a  certain  primitive  set  (i.c,  apars). 

The  following  is  an  example  of  using  the  toolbox  for  locating 
road  features: 

•  The  user  selects  to  display  the  centerlines  of  the  extracted 
apars.  Only  the  bright  centerlines  are  chosen.  A  water 
region  mask  can  be  used  to  prune  apars  in  a  predefined  re¬ 
gion  (Roads  arc  not  located  in  water).  If  the  user  knows 
the  radiometric  distribution  of  the  roads,  then  this  in¬ 
formation  can  be  used  to  further  select  which  roads  to 
keep.  By  interactively  constraining  what  to  view,  the 
user  reduces  the  set  of  apars  to  a  set  that  arc  highly  likely 
road  segments.  Typically  it  was  found  that  the  extracted 
bright  apars  represented  80  %  of  the  road  features  in  a 
typical  representative  SPOT  PLA  image. 

4  Results 

Figure  1  is  a  digitized  aerial  photograph  at  0.75  m  resolution 
of  downtown  V’ancoiiver.  The  extracted  edges  of  the  Vancouver 
aerial  image  are  illustrated  as  a  graphics  overlay  in  figure  2. 
At  this  type  of  resolution  it  is  possible  to  identify  such  features 
as  cars  and  ships.  The  extracted  edges  outline  the  boundary  of 
such  features.  The  shape  and  spectral  statistics  of  the  primitive 
features  can  be  used  as  constraints  for  extraction  of  the  desired 
real-world  features. 


Figure  1.  Digitized  Aerial  Photogiaph  of  Downtown  Vancouver 


Figure  2:  Extracted  Edges  From  Digitized  Aerial  Photograph 
of  Downtown  Vancouver 

Figure  3  is  a  SPOT  PLA  image  of  the  Madelaine  Islands, 
Quebec  with  a  graphics  overlay.  The  graphics  overlay  illus¬ 
trates  the  extracted  apars  in  the  imageiy.  The  apars  in  the 
water  region  (left  portion  of  the  image)  were  pruned  by  using  a 
binary  mask  obtained  by  classifying  water  and  land.  The  roads 
and  shoreline  can  be  separated  by  looking  at  the  radiometric 
statistics  of  the  relevant  apars. 


Figured:  Sherbrooke  SPOT  PLA  Scene 

Figure  4  is  a  SPOT  PLA  scene  of  Sherbrooke,  Quebec. 
The  cxtrcacted  apars  are  shown  as  a  graphics  overlay  in  figure 
5.  The  apars  that  are  of  a  similar  feature  type  are  grouped 
together  as  shown  by  the  graphics  overlay  in  figure  6. 


Figure  3:  Madelaine  Island  Si  OT  PLA  Scene  With  Extracted  Figure  5;  Sherbrooke  SPOT  PLA  Scene  With  Extracted  Apars 
Apars  Overlayed  Overlayed 
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Figure  6:  Sherbrooke  SPOT  PLA  Scene  With  Connected  Apars 
C'verlayed 


The  !i5cr  utilizes  domain  specific  knowledge  to  determine 
what  geometric  and  spectral  constraints  are  used  to  reduce  the 
set  of  primitives  to  a  set  U*at  are  highly  likely  to  map  onto  the 
feature  of  interest.  Bit  masks  that  can  be  obtained  from  tra¬ 
ditional  pixel-based  classification  techniques  can  prune  regions 
or  keep  regions  of  primitives.  Additional  information  about  a 
primitive  ca’-  also  be  incorporated  •  for  example,  given  an  apar: 
interior  statistics  from  another  spectral  hand  can  be  obtained; 
DEM  (digital  elevation  model)  information  can  allow  the  deter¬ 
mination  of  a  rate  of  elevation  change  across  the  length  or  width 
of  the  apar.  DEM  information  can  constrain  what  primitives 
to  keep  (Streams  flow  down  elevation  grades). 

5  Conclusions 

The  toolbox  provides  the  user  with  a  method  of  interactively 
constraining  what  primitives  to  view  in  order  to  define  a  map¬ 
ping  from  the  primitives  onto  a  geograpiiic  feature.  The  photo¬ 
interpreter  makes  use  of  high  level  domain  dependent  knowl¬ 
edge  to  reason  about  the  low  level  information  which  tlie  tool¬ 
box  algorithms  provide.  The  results  show  the  a|)plicability  of 
the  tools  with  SPOT  PLA  and  digitized  aerial  imagery.  An 
interactive  visualization  and  control  of  the  primitives  can  make 
the  process  of  photointerpretation  faster. 
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Abstract  -  The  Spaceborne  Imaging  Radar-C 
(SIR-C)  is  the  first  radar  in  the  series  of 
spaceborne  radar  experiments,  that  began  with 
Seasat  and  continued  with  SIR-A  and  SIR-B,  to 
use  some  very  innovative  techniques.  The 
SIR-C  instrument  has  been  designed  to  obtain 
simultaneous  multi frequency  and  simultaneous 
multipolarization  radar  Images  from  a  low  earth 
orbit.  It  is  a  multiparameter  imaging  radar 
which  will  be  flown  during  two  different 
seasons.  The  instrument  has  been  designed  to 
operate  in  innovative  modes  such  as  the  squint 
alignment  mode,  the  extended  aperture  mode,  the 
scansar  mode,  and  the  interferometry  mode.  The 
instrument  has  been  designed  to  demonstrate 
innovative  engineering  techniques  such  as  beam 
nulling  for  echo  tracking,  pulse  repetition 
frequency  hopping  for  Doppler  centroid  track¬ 
ing,  frequency  step  chirp  generating  for  radar 
parameter  flexibility,  block  floating  point 
quantizing  for  data  compression,  and  elevation 
beamwidth  broadening  for  Increasing  the  swath 
illumination. 

Key  Words  -  synthetic  aperture  radar,  scansar, 
block  floating  point  quantization,  Spaceborne 
Imaging  Radar-C 

I.  Introduction 

The  Spaceborne  Imaging  Radar-C  (SIR-C)  has 
been  designed  to  fly  on  the  Space  Shuttle  in 
a  low  Earth  orbit,  and  to  operate  from  a  stable 
platform  located  in  the  Orbiter  payload  bay. 
SIR-C  is  the  next  critical  step  in  the  series 
of  spaceborne  radar  experiments  that  began  with 
Sea  satellite  (Seasat)  in  1978  [1]  and  con¬ 
tinued  with  SIR-A  in  1981  [2]  and  SIR-B  in  1984 
[3,  4).  SIR-C  is  the  next  step  in  the  imaging 
radar  series,  eventually  leading  to  the  Earth 
Observation  System  (EOS)  imaging  radar  (5). 
Three  flights  are  currently  planned  for  SlR-C 
in  the  early  1990's. 

The  important  STR-C  instrument  parameters 
are  given  in  Table  1.  SIR-C  is  a  distributed 
synthetic  aperture  radar  (SAR) ,  using  active 
phased  array  technology.  SIR-C  is  a  dual¬ 
frequency,  quad-polarization  radar  operating 
at  L-band  and  C-Band  frequencies.  The  SIR-C 
antenna  use.-,  a  partitioned  aperture  design  for 
frequency  diversity,  whereby  the  L-band  aper- 
‘•u’-e  is  juxtaposed  to  the  C-band  aperture. 


However,  for  polarization  diversity,  each 
radiation  patch  of  the  planar  array  is  fed  both 
orthogonally  polarized  signals,  alternately 
pulsed.  The  SAR  uses  the  amplitude  and  phase 
of  successive  returns  to  synthetically  generate 
a  fine  resolution  antenna. 

A  low-power  linear  frequency  modulated 
(LFM)  pulse  is  produced  in  the  radio  frequency 
(RF)  exciter  at  intermediate  frequencies,  up- 
converted  to  L-Band  and  C-band  frequencies, 
and  driven  to  the  antenna  at  a  medium  power 
level.  The  RF  signal  is  coupled  via  an  RF 
distribution  network  in  the  antenna  subsystem 
to  the  panels  and  each  of  the  transmit/receive 
(T/R)  modules  on  the  panels.  The  coherent  RF 

Table  1.  SIR-C  Instrument  Characteristics 


PARAMETER 

l-BAND 

C-BAND 

AZiMUTH  CO-AUGNMENT 

iS  ate  min 

iZ  arc  mm 

AZIMUTH  BEAM  STEERING 

12  dag 

±1  deg 

EXTENDED  APERTURE  BEAMS 

127 

127 

EXTENDED  APERTURE  DWELL  TIME 

20  msec 

20  msec 

SCANSAR  BEAMS 

4 

4 

SCANSAR  DWELL  TIME 

30  msec 

30msec 

INTERFEROMETRY  PHASE  CENTER  OFFSET 

N'A 

3m 

BEAM  NULL  RATIO 

1/PRF 

l/PRF 

PRF  HOPPING  D'WELL  TIME 

1  sec 

1  sec 

NUMBER  OF  SELECTABLE  PRFs 

16 

16 

ELEVATION  BEAMWIDTHS 

StoiSdeg 

StoiSdeg 

NUMBER  OF  SELECTABLE  BEAMWIDTHS 

8 

8 

DIGITAL  CHIRP  PUl  ShWlDTH 

8  4. 169.  338 

8  4. 16  9. 33  8  p; 

DIGITAL  CHIRP  BANDWIDTH 

10.20  MHz 

10^0  MHz 

QUANTIZATION 

8  bits 

8  MS 

BFPO  SUBS’-’’’ 

4b4S 

4  MS 

BFPO  BLOCK  LENGTH 

128  samples 

128  samples 

PRF 

1240  lo2tC0Hz 

124010  2160  Hz 

SfALO  FREQUENCY 

89  994240 M 

89  994240  MHz 

DATA  STEERING 

Olfsel  Video 

Oiiset  Video 

Nb//3£  1  OF  HIGH  RATE  RECORD  CHANNELS 

4 

4 
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signals  are  phase-shifted,  amplified  by  the 
high-power  amplifiers  in  the  T/R  modules,  and 
coupled  to  the  subarray  of  radiating  patches 
for  transmission  to  the  surface  of  the  Earth. 
Reflected  echoes  are  captured  by  the  subarray 
of  patches,  amplified  by  the  low-noise  ampli¬ 
fiers  in  the  T/R  modules,  and  coupled  to  the 
phase  shifters.  The  sub-array  contributions 
are  combined  via  the  distribution  network, 
coupled  to  the  receivers  where  the  signals  are 
amplified,  and  further  downconverted  to  offset 
video  frequencies.  There  are  four  receiver 
channels,  two  for  L-band  and  two  for  C-band 
frequencies. 

The  four  offset  video  signals  are  steered 
to  one  or  more  assemblies  which  digitize  the 
offset  video  signals  and  format  the  data.  The 
four  digitized  data  streams  are  routed  to  pay- 
load  high  rate  recorders  for  on-board  storage, 
and  one  of  these  data  streams  can  simultane¬ 
ously  be  steered  to  the  Shuttle  high  rate 
downlink  to  be  recorded  on  the  ground.  The 
data,  which  were  previously  stored  on-board, 
can  be  played  back  later  to  the  ground  for  data 
quality^  monitoring. 

II.  Innovative  SIR-C  Operating  Modes 

Seasat,  SIR-A,  and  SIR-B  instruments 
operated  at  the  single  L-band  frequency  and 
single  horizontal  polarization.  SiR-C  has  been 
designed  to  operate  simultaneously  at  both 
L-band  and  C-:band  frequencies,  and  to  utilize 
quad-polarization  returns  at  each  frequency. 
SIR-C  effectively  has  four  separate  radars: 
L-band  horizontal  L,i,  L-band  vertical  Lv, 
C-band  horizontal  Ch,  and  C-band  vertical  Cy. 
In  the  nominal  mode,  SIR-C  operates  each  of  its 
four  radars  by  radiating  at  broadside,  utiliz¬ 
ing  a  fully  focused  antenna  aperture,  much  like 
the  previous  experiments,  except  that  now  there 


Figure  1.  SIR-C  Target  Illumination  by  Modes. 


are  really  four  radars  operating  simultaneous¬ 
ly.  In  addition  to  the  nominal  mode,  SIR-C 
uses  innovative  techniques  to  operate  in  other 
modes,  which  were  previously  not  possible. 

A.  Squint  Alignment  Mode 

Electronic  beam  steering  in  azimuth  may 
be  needed  to  align  the  H-  and  V-polarization 
swath  illuminations,  even  though  the  antenna 
design  calls  for  an  azimuth  electrical-to- 
mechanical  boresight  error  of  less  than  4  arc 
minutes.  Azimuth  steering  allows  SIR-C  to  take 
data  at  a  given  squint  angle,  whereby  the 
azimuth  angle  is  fixed  to  one  side  or  the  other 
with  respect  to  broadside.  As  illustrated  in 
Figure  1,  if  the  H-polarization  and  V-polariza¬ 
tion  illuminations  are  offset  for  either  L-band 
or  C-band,  the  beams  can  be  commanded  to  dif¬ 
ferent  azimuth  squint  angles  until  they  are 
co-aligned  to  within  4  arc  minutes.  Azimuth 
steering  also  allows  experimenters  to  collect 
SAR  data  at  selected  fixed  squint  angles. 
Several  observations  at  different  squint  angles 
may  give  information  on  the  azimuth  angle 
dependence  of  the  image  return  for  that  target. 

Because  of  the  limited  area  for  locating 
the  electronics  on  each  panel,  a  single  T/R 
module  and  phase  shifter  pair  feeds  a  subarray, 
and  not  individual  elements.  This  restricts 
the  azimuth  steering  to  only  a  few  degrees. 
Electronic  beam  steering  can  be  accomplished 
for  only  +1  degree  in  azimuth  for  C-band,  and 
+2  degrees  in  azimuth  for  L-band;  beyond  these 
limits,  the  sidelobes  increase,  the  mainlobe 
broadens,  and  grating  lobes  occur  at  unaccepta¬ 
ble  levels. 

B.  Extended  Aperture  Mode 

Azimuth  steering  allows  SIR-C  to  take  data 
in  the  extended  aperture  mode,  whereby  the  same 
scene  on  the  ground  is  illuminated  as  the 
Shuttle  passes  the  scene,  and  the  effective 
aperture  is  thereby  extended.  This  technique 
increases  the  available  number  of  azimuth  looks 
in  order  to  improve  the  image  quality.  Figure 
2  shows  typical  beam-steered  azimuth  patterns. 
To  implement  this  extended  aperture  mode,  as 
an  example,  the  antenna  beam  is  first  squinted 
ahead  at  the  full-range  positive  squint  angle, 
and  then  decremented  in  small  uniform  steps  of 
squint  angle  at  uniform  time  increments,  until 
the  antenna  beam  is  looking  behind  at  the  full- 
range  negative  angle. 

c.  Scansar  Mode 

Electronic  beam  steering  in  elevation 
allows  SIR-C  to  image  in  a  scansar  mode,  where¬ 
by  the  antenna  beam  is  steered  to  as  many  as 
four  previously  selected  elevation  angles 
during  each  synthetic  aperture  interval.  The 
beam  is  electronically  steered  in  elevation  as 
in  azimuth  by  varying  the  phase-front  across 
the  aperture  via  the  microprocessor-controlled 
phase  shifters.  The  SAR  processor  must  treat 
the  data  from  each  elevation  angle  as  burst 
data.  The  azimuth  resolution  of  the  processed 
bursts  of  data  is  degraded  by  a  factor  of  4 ; 
however,  the  swath  width  illumination  is  in¬ 
creased  by  the  same  factor.  Since  the  synthet¬ 
ic  aperture  interval  increases  with  the  look 
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angle  off  nadir,  the  dwell  tine  at  each  of  the 
four  elevation  angles  increases  with  look 
angle. 


in  radar  parameter  selection  than  in  previous 
imaging  radar  experiments  in  this  series. 

A.  Beam  Nulling 


•5.0  -2.5  0.0  2.5  5.0 

(a)  C-BAND  A2IMUTH  STEERING  (deg) 
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(b)  L-BAND  AZIMUTH  STEERING  (deg) 


Figure  2.  Electronically  ■  Steered  Antenna 
Patterns  in  Azimuth. 


D.  Interferometry  Mode 

The  L-band  and  C-band  apertures  are  sub¬ 
divided  into  three  equal  area  sections  called 
leaves.  The  received  echo  signals  from  the  two 
extreme  C-Band  leaves  can  be  coupled  into  two 
separate  receiver  channels  in  order  to  accom¬ 
modate  a  special  interferometry  mode.  This 
requires  couplers  in  the  C-Band  RF  feed  system 
at  the  Initial  three-way  power  combiner,  such 
that  the  inputs  from  the  two  extreme  leaves 
can  be  routed  to  two  separate  receiver 
channels.  This  technique  provides  returns  from 
two  separate  apertures,  whose  phase  centers  are 
separated  by  the  distance  of  one  leaf  in  the 
horizontal  direction. 

III.  SIR-c  Engineering  Techniques 

Some  innovative  engineering  techniques 
were  required  by  SIR-C  in  order  to  obtain 
calibrated  data  and  to  be  much  more  flexible 


The  phase  shifters  in  one  half  the  array 
can  be  shifted  180  degrees  in  elevation,  there¬ 
by  nulling  the  elevation  beam  pattern.  This  is 
an  echo  tracking  technique  to  determine  the 
roll  angle,  and  thereby  account  for  the  eleva¬ 
tion  antenna  pattern  in  the  raw  SAR  data  during 
amplitude  calibration.  Results  from  simula¬ 
tions  indicate  that  beam  nulling  one  receive 
interval  during  each  one  second  interval  is 
sufficiant  to  determine  the  roll  angle  and  yet 
not  degrade  the  image  significantly.  The  roll 
angle  can  be  determined  with  an  accuracy  of  a 
few  tenths  of  a  degree.  Figure  3  shows  a 
typical  beam  null  pattern. 


Figure  3.  Beam  Nulling  of  Elevat.lon  Pattern. 

B.  PRF  Hopping 

SIR-C  uses  a  pulse  repetition  frequency 
(PRF)  hopping  technique,  whereby  the  azimuth 
Doppler  spectrum  can  be  located  unambiguously. 
As  illustrated  in  Figure  4,  if  the  azimuth 
spectrum  is  offset  in  frequency  because  of 
pointing  errors,  for  example,  the  centroid  of 
the  spectrum  falls  into  different  portions  of 
the  azimuth  processing  bandwidth  when  sampled 
at  various  PRF  rates.  By  knowing  the  ambiguous 
location  of  the  centroid  for  three  different 
PRFs,  the  location  of  the  unambiguous  location, 
and  thereby  the  yaw  angle,  can  be  calculated. 
Present  plans  are  to  perform  the  PRF  hopping 
at  the  beginning  and  end  of  each  data  take. 
There  will  be  a  one  second  dwell  at  each  of  the 
three  PRFs. 

C.  Antenna  Beamwidth  Broadening 

For  a  uniformly  illuminated  aperture,  the 
aperture  dimension  and  RF  wavelength  determine 
the  antenna  beamwidth.  SIR-C  uses  a  technique 
of  tapering  the  power  in  elevation,  which  pro¬ 
vides  lower  sidelobes  than  for  the  uniform 
illumination  case.  The  elevation  aperture 
weighting  is  shown  in  Figure  5  for  half  the 
aperture.  Also,  this  configuration  uses  less 
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Figure  4.  PRF  Hopping  Technique. 


T/R  modules  and,  thus,  less  power.  Lower  side- 
lobes  are  achieved  in  elevation.  The  resultant 
antenna  pattern  is  lower  in  amplitude  and  has 
a  wider  beamwidth.  Figure  6  shows  the  typical 
antenna  pattern  in  elevation. 


<t 


Within  the  constraints  of  the  Shuttle 
payload  bay  volume,  the  aperture  sizes  were 
optimized  to  have  sufficient  aperture  gain,  yet 
sufficiently  low  azimuth  and  range  ambiguities 
over  the  PRFs  selected.  The  sizes  of  the  full 
apertures  are  12.1  m  x  2.95  m  for  L-band  and 
12.1  m  X  0.75  m  for  C-band,  which  yield  a  fully 
focused  elevation  beamwidth  of  4.9  degrees  for 
each  frequency.  Variable  beamwidths  in  eleva¬ 
tion  can  be  accommodated  by  selecting  a 
preprogrammed  phase  function  across  the  array. 
One  of  eight  selectable  beamwidths  from  4.9 
degrees  to  18.0  degres  is  selected  by  uplink 
command.  The  amplitude  decreases  and  the  side- 
lobe  levels  increase  slightly  with  increasing 
beamwidths.  The  beamwidth  is  optimized  for 
swath  illumination  at  the  various  look  angles. 
Figure  6  shows  the  antenna  elevation  patterns 
for  several  selectable  beamwidths. 

» 

D.  Digital  Chirp 

To  attain  fine  resolution  in  range, 
SIR-C  encodes  each  transmitted  pulse,  such  that 
each  pulse  of  duration  t  can  resolve  targets 
as  if  a  much  shorter  pulse  of  duration  t/TBW, 
where  TBW  is  the  time-bandwidth  product,  had 
been  transmitted.  SIR-C  attains  this  large 
time-bandwidth  product  by  distributing  the 
energy  of  each  pulse  over  the  frequency  band¬ 
width,  linearly  with  time.  The  SIR-C  chirp 
signal  is  generated  digitally,  in  that  a  tone 
is  successively  stepped  across  the  bandwidth 
within  the  pulse  duration,  approximating  an 
LFM  (or  chirp)  signal.  Figure  7  illustrates 
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Figure  6.  Beam  Broadening  in  Elevation. 
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Figure  5.  Elevation  Aperture  Weighting  for 
Half-aperture. 


Figure  7 .  Comparison  of  SAW  Chirp  and  Frequency 
Step  Approximation  of  Chirp. 


2258 


the  characteristics  of  the  surface  acoustic 
wave  (SAW)  device  used  in  SIR-B  versus  the 
frequency  step  chirp  used  in  SIR-C.  For  ease 
of  illustration,  only  three  steps  are  shown  for 
the  digital  chirp.  The  actual  number  of  steps 
for  SIR-C  trades  off  the  integrated  side-lobe 
ratio  with  realistic  switching  rates. 

The  frequency  step  chirp  technique  pro¬ 
vides  flexibility  in  the  selection  of  certain 
radar  parameters:  (1)  sense  of  chirp  slope,  (2) 
pulsewidth,  (3)  calibration  tone  frequency,  and 
(4)  bandwidth.  One  can  distinguish  the  polari¬ 
zation  of  the  signals  by  alternately  changing 
the  sense  of  the  slope  of  the  transmitted  chirp 
signal.  The  transmitted  pulse  width  can  be 
decreased  by  a  factor  of  2  or  4  to  lower  the 
average  dc  power  usage.  Fixed  frequency 
calibration  tones  can  be  generated  from  the 
same  digital  chirp  device,  and  the  frequency 
of  the  calibration  tone  can  be  selected.  The 
RF  bandwidth  can  be  increased  from  10  MHz  to 
20  MHz,  and  perhaps  experimentally  even  to  40 
MHz,  to  improve  the  range  resolution. 

E.  Bloch  Floating  Point  Quantizing 

The  offset  video  output  from  each  of  the 
four  receivers  is  digitized  to  8  bits  per  sam¬ 
ple  with  uniform  quantization  at  a  constant 
rate  of  45  MHz.  A  SIR-C  feature  allows  for¬ 
matting  the  raw  samples  as  4  bits,  8  bits,  or 
(8,4)  block  floating  point.  The  block  floating 
point  quantizer  (BFPQ)  derives  its  name  from 
"blocks"  of  data  being  uniformly  quantized,  and 
subsets  of  the  available  bits  being  selected 
by  a  predetermined  algorithm,  equivalent  to 
moving  the  "floating  point"  marker  in  binary 
data.  The  data  transmission  rate  to  the  on¬ 
board  recorders  is  constant,  and  doubling  the 
number  of  bits  per  sample  approximately  halves 
the  swath  width,  therefore  trading  off  dynamic 
range  for  swath  width. 

The  (8,  4)  BFPQ  is  a  data  compression 
technique  allowing  an  output  rate  similar  to 
a  4-bit  uniform  scheme  but  with  the  dynamic 
range  of  an  8-bit  system.  For  each  block  of 
data,  a  series  of  the  sign  bit  followed  by  the 
optimally  selected  3  contiguous  bits  per  sam¬ 
ple,  is  followed  by  a  common  exponent  for  the 


RATIO  OF  SATURATION  LEVEL  TO  SIGNAL  LEVEL  (dB) 

Figure  8.  Performance  of  BFPQ  Versus  Uniform 
Quantizers. 


block.  The  data  are  transmitted  as  a  serial 
bit  stream.  Figure  8  shows  the  signal-to-noise 
ratio  (SNR)  versus  the  ratio  of  saturation-to- 
signal  level  for  the  4-bit  uniform  quantizer 
(UQ),  the  8-bit  UQ,  and  the  (8,4)  BFPQ. 

F.  '  Integer  PRFs 

SIR-C  has  incorporated  integer  PRFs, 
whereby  there  are  an  exact  integer  number  of 
PRF  pulses  in  one  second.  This  facilitates 
timing  for  the  radar  since  the  PRF  and  timing 
circuitry  provides  basic  control  of  the  radar 
for  PRF  changes,  receiver  gain,  exciter  timing, 
digitized  window  position,  and  data  channel 
switching,  all  of  which  change  state  synchron¬ 
ously  on  one  second  time  ticks.  Also,  SIR-C 
chose  the  PRFs  such  that  there  are  an  integer 
number  of  8-bit  bytes  in  a  range  line.  This 
feature  facilitates  ground  processing.  Since 
the  PRFs  are  derived  from  a  very  stable  local 
oscillator  (STALO) ,  the  requirement  of  integer 
PRFs  affected  the  choice  of  the  STALO  frequen¬ 
cy.  By  analysis,  it  was  determined  that  by 
using  a  STALO  with  frequency  89.994240  MHz, 
there  were  at  least  16  integer  PRFs  in  the 
range  from  1240  Hz  to  2160  Hz  which  were  com¬ 
patible  with  SIR-C 's  altitude  and  look-angle 
range . 

G.  Data  steering 

The  SIR-C  exciter  operates  in  an  alternat¬ 
ing  pulse  mode  such  that  the  oppositely  polar¬ 
ized  pulse  is  delayed  by  half  an  interpulse 
period.  The  radar  effectively  operates  at 
twice  the  nominal  PRF.  In  the  quad-polari¬ 
zation  mode,  both  like-  and  cross-polarization 
echoes  are  received  in  the  same  channel. 

In  normal  swath  modes,  each  receiver  out¬ 
put  is  directed  to  a  previously  selected, 
separate  digital  data  handling  assembly  (DDHA) 
for  digitizing,  buffering,  and  formatting. 
This  steering  occurs  at  offset  video.  Once  the 
individual  offset  video  signals  have  been 
digitized,  formatted,  and  serialized,  there  is 
no  flexibility  in  steering  to  the  on-board 
recorders.  Each  channel  of  the  recorder  is 
hard-wired  to  an  individual  DDHA  output.  Thus, 
the  flexibility  in  steering  data  to  the 
recorders  really  occurs  at  offset  video.  This 
data  steering  allows  for  recovery  in  case  one 
or  more  of  the  DDHAs  should  fail. 

In  extended  swath  modes,  one  receiver  out¬ 
put  is  directed  to  two  DDHAs,  such  that  the 
resulting  data  represent  an  image  swath  twice 
that  of  a  single  DDHA.  However,  this  puts  half 
of  the  swath  on  a  separate  recorder  channel. 
The  SAR  processor  will  have  to  combine  the  two 
channels  in  order  to  extend  the  image  swath. 


IV,  Summary 

Several  innovative  techniques  used  in  the 
SIR-C  instrument  have  been  described.  The  in¬ 
strument  operating  modes  include  squint  align¬ 
ment,  extended  aperture,  scansar,  and  inter¬ 
ferometry  modes.  The  instrument  has  been 
designed  to  incorporate  innovative  engineering 
techniques  such  as  beam  nulling,  PRF  hopping, 
antenna  beamwidth  broadening,  frequency-step 
chirp  generating,  block  floating  point 
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quantizing,  integer  PRFs,  and  data  steering. 
The  instrument  flexibility  is  shown  in  its 
choice  of  values  for  various  radar  parameters, 
such  as  pulse-width,  RF  bandwidth,  formatting, 
and  beam  width,  the  selection  of  which  requires 
trading  off  image  quality  parameters,  such  as 
resolution,  image  SNR,  and  swath  width. 
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Abstract 

During  the  90's,  a  number  of  new  capabilities  and  techniques  will  be 
used  to  observe  planetary  (Including  earth)  surfaces  and  atmospheres  with 
active  or  microwave  sensors.  In  1992.  SIR-C  will  provide  the  capability  of 
full  Imaging  radar  polarlmetiy  at  two  frequencies  L  and  C-band.  In 
combination  with  X-SAR,  simultaneous  imaging  at  three  frequencies  will  be 
possible  for  the  hrst  time  from  space.  The  SIR-C-XSAR  is  &e  predecessor 
of  the  EOS  SAR,  which  in  addition  to  the  multi-frequency  and 
multl-polarlzatlon  capability,  will  be  able  to  provide  very  wide  swath  (500  to 
600  km)  Imaging  at  moderate  resolution  of  few  hundred  meters.  The  EOS 
SAR  will  also  be  capable  of  radar  interferometric- mapping  . of  the  surface 
topography  by  using  data  from  repeat  orbits. 

In  the  area  of  altimetry,  the  next  major  advance  Is  in  the  development 
of  scanning  altimeters  which  are  capable  of  providing  wide  strip  topography 
coverage  instead  of  the  line  profile  required  with  present  systems. 
Interferometric  techniques  are  also  being  considered  for  high  resolution 
ocean  topography  mapping. 

A  particular  challenge  will  be  the  development  of  a  combined 
Imaglng/altlmetxy  capability  for  a  Titan  radar  sensor  to  be  carried  on  the 
Saturn  Cassini  mission.  This  sensor  must  have  broad  flexibility  due  to  our 
complete  ignorance  of  the  properties  of  Titan's  surface.  This  has  to  be  done 
in  a  very  restricted  weight  and  power  environment. 

In  the  area  of  scat'.erometiy,  considerations  are  being  given  to  conical 
scanning  scatterometers  In  contrast  to  the  multiple  fan  beam 
scatterometers.  This  approach  allows  observation  at  constant  Incidence 
angle  across  the  swath,  each  point  being  observed  with  two  azimuth  angles. 
Four  azimuth  angles  are  possible  with  a  double  beam  conical  scan. 

Finally,  active  sensors  will  be  used  in  the  90's  to  observe  and  map 
precipitation  from  space.  Rain  radars  will  allow  observation  of  the  rain 
extent  horizontally  and  vertically  and  measurement  of  the  rain  rate  profile. 
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ABSTRACT 

Based  on  a  set  of  examples,  this  paper  shows  that 
bistatic  space  radar  systems  can  have  important 
capabilities  for  special  imaging  radar  applications.  It 
explains'  the  different  categories  of  bistatic  space 
radars  as  there  are  single  orbit  systems,  crossing 
orbit  systems,  tethered  systems  and  systems  with 
geostationary/geosynchronous  transmitters  (GEO-BISAR) . 
It  discusses  the  ideas  of  mixed  systems,  where 
aircrafts  are  operating  together  with  spaceborne 
illuminators  either  in  a  cooperating  or  a  parasitic  way 
(BIPAR) ,  It  shows  that  a  coordinated  operation  of  mono¬ 
static  and  bistatic  radars  in  co-  orbits  can 
effectively  be  used  for  measuring  the  positions  of 
targets  on  Earth  in  three  dimensions  (topographic 
measurements) . 

In  general,  the  intension  of  this  paper  is  to  provide  a 
basic  understanding  of  bistatic  radar  in  space  for 
civil  applications,  its  advantages  and  its  drawbacks. 
It  shows  that  bistatic  systems  might  be  viable 
candidates  for  future  space  radars  and  that  further 
investigations  towards  them  are  worthwhile. 

Keywords:  Bistatic  radar,  spaceborne  radar,  BIPAR, 
BISAR. 


INTRODUCTION 

Bistatic  radar  in  space  is  an  extremely  broad  area  for 
investigations.  They  are  systems  in  which  spatial 
separation  exists  between  the  transmitting  and  the 
receiving  part.  Their  fundamental  principles  have  been 
known  from  the  beginning  of  radar  history  (Skolnik, 
ref.  4).  However,  interest  in  them  declined  early, 
doughtlessly  driven  by  the  desire  of  users, 
particularly  military  users,  to  have  radars  operated 
from  a  single  site.  This  resulted  in  intensive 
developments  of  monostatic  radars  to  a  very 
sophisticated  state,  until  bistatic  systems  received 
new  interest,  when  the  technological  status  of  advanced 
data  and  signal  processing  allowed  bistatic  radar  to 
deploy  their  advantages. 


BISTATIC  SYSTEMS 

Three  classes  of  bistatic  space  radars  can  be 
distinguished: 

•  low  Earth  orbit  (LEO)  systems 

•  systems  with  geostationary  (GEO)  transmitters 

•  space-/airborne  systems,  with  its  most  important 
candidate,  the  bistatic  parasitic  radar  (BIPAR) 


LEO  Systems 


LEO  systems  are  defined  as  systems,  where  both, 
transmitter  and  receiver,  are  flying  in  low  Earth 
orbits.  There  are  the  following  major  options:  Single 
orbit  systems,  crossing  orbit  systems,  and  tether 
systems . 

In  SINGLE  ORBIT  SYSTEMS  transmitter  and  receiver 
satellites  are  flying  in  the  same  orbit,  one  after  the 
other  (Fig.  1).  Two  separate  antennas  (one  for  transmit 
and  one  for  receive)  provide  a  higher  transmit/receive 
isolation  than  a  criculator  or  TX/RX-switch  commonly 
used  in  monostatic  systems.  Whereas  in  case  of 
monostatic  radars  the  echo  reception  time  and  hence  the 
width  of  the  swath  is  limited  to  the  pause  interval 
between  two  subsequent  pulse  transmissions,  the 
bistatic  configuration  allows  to  use  the  entire  pulse 
repetition  interval  due  to  the  fact  that  echo  reception 
is  not  blocked  during  pulse  emission.  This  leads  to  a 
larger  swath  width  being  independent  from  the 
transmission-pulse-length.  Therefore,  very  large  pulse 
compression  ratios  up  to  continuous  transmission  (cw) 
can  be  applied  lowering  the  peak  power  requirement  or 
improving  the  radiometric  performance  (gray  level 
resolution) .  CW  transmission  can  be  advantageous  for 
the  overall  efficiency  of  the  high  power  amplifier 
especially  in  case  of  solid  state  transmitters.  These 
advantages  have  typically  to  be  payed  by  the 
implementation  costs  for  2  satellites  and  complex 
systems  for  transmitter/receiver  synchronization. 

If  transmitter  and  receiver  are  carried  on  free  flying 
satellites  being  separated  in  across  track  or  nadir 
direction,  the  system  is  called  CROSSING  ORBITS  SYSTEM. 
Fig.  2  shows  this  for  orbits  with  different 
inclinations.  Due  to  orbit  dynamics  the  flight  paths 
are  crossing  at  the  equator  and  the  satellite  distance 
varies  from  approximately  zero  at  the  crossing  points 
to  a  maximum  at  the  polar  regions.  Fig.  3  shows  a 
system  with  orbit  crossings  at  the  poles  (different 
ascending  nodes) .  Its  behaviour  is  similar  to  that  with 
orbits  crossings  at  the  equator,  but  the  maximum  cross 
track  separation  appears  at  the  equator. 

Another  type  of  a  CROSSING  ORBIT  SYSTEM  is  defined  by 
spatial  separation  in  nadir  direction  (Fig,  4) .  In  this 
case  the  transmitter  and  the  receiver  orbits  are  in  the 
same  orbital  plane,  slightly  excentric  with  equal 
excentricity  but  different  apogees.  This  results  in 
different  altitudes  for  transmitter  and  receiver.  The 
orbit  cycle  times  are  kept  equal.  A  similar  effect  can 
be  obtained  by  a  TETHER  SATELLITE  SYSTEM  with  the 
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Fig.  1 

SINGLE  ORBIT  SYSTEM 


TX-SAT  nX-MT 


Fig.  2 

CROSSING  ORBITS  SYSTEM 
.WITH  DIFFERENTLY  INCLINED 
ORBITS 


Fig.  3 

CROSSING  ORBITS  SYSTEM 
WITH  DIFFERENT  ASCENDING 
NODES 


CROSSING  ORBITS  SYSTEM 
WITH  SEPARATION  IN  NADIR 
DIRECTION 


advantage  of  a  constant  distance  between  the  satellites 
(simplified  radar  geometry) ,  where  transmitter  and 
receiver  satellites  are  tethered  by  a  cable  of  several 
kilometer  length.  Tether  systems  are  described  in 
reference  6  for  communication  systems.  These  results 
can  be  applied  to  radar  systems  as  well.  In  this  case 
the  synchronization  signals  and  the  radar  data  can  be 
transmitted  via  the  tether  cable. 

Crossing  orbits  or  tether  systems  are  important 
candidates  for  RADAR  STEREO  IMAGERY.  In  this  case  the 
TX-SAT  should  additionally  be  equipped  with  a  receive 
channel  operating  in  raonostatic  mode  or  two  receiver 
satellites  should  cover  the  same  target  area 
simultaneously  from  different  positions  in  across 
track.  The  monostatic  image  or  the  second  bistatic 
image  provides  the  second  look  required  for  stereo 
imagery.  Single  orbit  systems  (spatial  separation  along 
track) ,  however ,  can  provide  stereo  imagery  only  with 
real  aperture  operation.  Synthetic  aperture  methods 
applied  to  bistatic  single  orbit  systems  destroy  each 
kind  of  stereo  information  within  the  radar  data. 


GEO/LEO  Systems 


The  idea  of  operating  a  radar  with  a  powerful 
transmitter  in  a  GEO  and  clusters  of  receivers  flying 
in  LEO  was  born  from  the  desire  to  provide  a  high 
repetition  rate  of  radar  coverage  for  selected  target 
areas  on  grounjl.  A  raultibeam  transmitter  in  GEO  is 
illuminating  these  ground  areas  continuously  or  in  a 
scanning  mode  synchronized  to  the  LEO  receivers.  Each 
receiver  is  operated  as  soon  as  it  flies  over  these 
areas.  It  sends  the  received  echoes  either  back  to  the 
GEO  transmitter,  which  might  act  as  a  relay  satellite 
for  these  data,  or  directly  down  to  a  ground  station. 
The  receivers  are  passing  by  the  targets  closely  enough 
in  order  to  improve  the  link  budget  and  to  provide  a 
radial  velocity  between  targets  on  ground  and  the  radar 
allowing  for  synthetic  aperture  processing.  Fig.  5 
shows  a  typical  geostationary  transmitter  system 
indicating  that  many  receivers  are  flying  in  low  Earth 
orbits. 


BIPAR  Systems 


A  BIPAR  is  an  airborne  radar  receiver  typically 
operating  with  transmitters  of  opportunity  combining 
the  advantages  of  spaceborne  and  airborne  radars.  The 


transmitter  (e.g.  a  communications  satellite)  is 
located  in  a  geostationary  orbit  and  illuminates 
continuously  the  area  of  interest  on  ground.  The 
receiver  is  carried  on  an  airborne  platform  implying  a 
high  mission  flexibility,  high  repetition  capability 
and  reducerd  power  requirements  compared  to  systems 
with  spaceborne  receivers.  It  is  called  "parasitic" 
because  it  uses  non-radar  signals  from  communications, 
navigations  or  direct  broadcasting  satellites.  The 
system  geometry  is  shown  in  Fig.  6, 


NX-MTl  IN 
LOW  EARTH  ORBITE 


Fig,  5  GEOSTATIONARY  TRANSMITTER  SYSTEM 


Fig.  6  BIPAR  SYSTEM  GEOMETRY 
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ELECTRICAL  CONFIGURATION 


PERFORMANCE  CONSIDERATIOHS 


The  general  electrical  configurations  for  a  TX*SAT  and 
an  RX-SAT  are  shown  in  Fig.  7.  From  the  mother  oscil¬ 
lator  a  beacon  is  sent  via  the  direct-path  link  to  the 
receiver  for  time  and  phase  synchronization.  Initiated 
by  the  TX-SAT  control  computer  and  based  on  the  mother 
oscillator,  the  radar  pulse  is  generated  by  the  pulse 
generation  subsystem,  routed  through  the  high  power 
amplifier  and  the  transmit  antenna,  and  sent  to  ground. 
The  RX-SAT  control  computer  having  received  the  posi¬ 
tion  data  for  RX-SAT  and  TX-SAT  from  the  ground  control 
station  via  general  telecommand  channels  (not  shown) 
estimates  the  echo  time  of  arrival  in  advance  as  input 
for  the  timing  unit.  This  unit  controls  the 
coherent  detection  of  the  received  radar  echoes.  The 
detected  signals  are  multiplexed  with  auxiliary  data 
required  for  data  processing  on  ground.  These  data  are 
sent  to  the  ground  receiving  stations,  either  directly 
or  via  an  in-orbit  data  relay  station.  The  overall 
block  diagram  of  a  BIPAR  receiver  is  shown  in  Fig.  8. 
It  differs  from  fig.  7  by  a  more  sophisticated  signal 
processing. 


'  Tl(AN8MirfE(t . HtCEIVEK 


Fig.  7  BLOCK  DIAGRAM  OF  A  BISTATIC  RADAR 


Fundamentals  concerning  orbit  geometry,  isodops  and 
isodels,  and  link  budgets  are  described  for  completely 
space  based  systems  by  Kiyo  Tomiasu,  1978  and  for  BIPAR 
systems  by  P.  Hartl  and  H.H.  Braun,  1988.  The  following 
approximations  can  be  used  for  performance  estimates. 

Maximum  width  of  swath 

w  =  - E£I_£ -  (1) 

max  cos  +  cos  y^p 

PRI  is  the  pulse  repetition  frequency,  c  is  the 
velocity  of  light,  y.pp  is  the  grazing  angle  of  the 
transmit-  to-target  path,  and  ypp  is  the  grazing  angle 
of  the  target-to-receive  path  at  far  end  of  the  swath. 

Range  resolution  on  ground 
■'r  o 

*R  “  cos  y^  +  cos  yp 

Tg  is  the  effective  radar  pulse-length  after  range 
compression,  and  y.j,  and  are  the  grazing  angles  of 
the  transmit  and  the  receive  path,  djj  is  a  function  of 
target  position  within  the  swath. 

Doppler  resolution  6^: 

*D  =  A  tvj  ipT  Pt  +  Vr  ipR  sin  Pp 

-  Vg  (APjj  sin  Pgjj  +  Apj  sin  pgy)]  (3) 

In  order  to  estimate  the  azimuth  resolution  on  ground 
6^,  two  targets  (T1  and  T2)  can  be  defined,  located  on 
an  iso-range  (isodel)  line  with  a  distance  of  6^ 
determining  the  transmit  and  receive  viewing  angles  App 
and  Apjj.  A  viewing  angle  is  the  angle  between  the  paths 
to/from  the  targets  1  and  2  at  the  TX  or  RX  satellite, 
pv  and  Pp  are  the  angles  between  the  target  paths  and 
the  satellite  velocity  vectors,  pgj  and  pgR  are  the 
angles  between  the  respective  target  path  and  the 
target  velocity  vector.  R  is  the  radius  of  the  Barth, 
Aj  and  Ap  are  the  altitudes  of  the  transmit  and  the 
receive  satellite,  Vj  and  Vp  are  the  velocities  of  the 
satellites,  Vg  is  the  target  velocity,  and  X  is  the 
radar  wavelength. 


The  total  SAR  integration  time  7^  is  given  by 


(A) 


where  N^  is  the  number  of  independent  looks  and  Hi  is 
the  integration  efficiency. 


The  signal  to  noise  ratio  (§)  is  determined  by 


Ptw  T'  Hi 


PfT7 


x> 


|p(k  Tp)  Fg  Dt§  Dgj^  Lpj  bpR  is 


(5) 


where  P.j.gj  is  the  average  transmit  power,  Oj,  is  the 
bistatic  radar  cross  section,  Gjg  and  Gpg  are  the 
antenna  gains  transmit-to-target  and  receive-to-target, 
Hp  is  the  time-bandwidth  product,  k  is  the  Boltzman's 
cbnstant,  Tj^  is  the  receiver  temperature,  Fg  is  the 
noise  factor,  D.jg  and  Dgp  represent  the  distances 
between  transmit  satellite  -  target  -  receive 
satellite,  and  Lpj,  Lpp  and  Lg  are  margins  for  rf 
propagation  losses  on  transmit/receive  path  and  overall 
system  losses. 


Fig.  8  BLOCK  DIAGRAM  OF  A  BIPAR  RECEIVER 
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SYSTEM  EXAMPLE;  GEO-BISAR 


TX-SAT 


A  transmitter  in  geosynchronous  orbit  illuminates  the 
Earth's  surface  below  the  receiver  satellites  in  low 
Earth  orbits  with  a  large  raultibeam  phased  array 
antenna.  The  RX-SATs  synchronize  their  timing  by  use  of 
the  direct  path  signal  from  the  TX-SAT.  They  receive 
the  echo  data  as  long  as  the  TX-SAT  phased  array 
antenna  beam  is  steered  to  their  antenna  footprints. 
They  detect  and  format  these  data  and  send  them  to  the 
ground  receiving  station  via  the  TX-SAT  data  relay 
channels  (Fig.  9) .  Typical  system  parameters  are  given 
in  Tab.l.  The  radiometric  performance  is  shown  in 
Tab. 2.  The  8dB  overall  system  losses  cover  propagation 
losses,  hardware  deficiencies  and  integration 
efficiency. 


Spatial  resolution 
TX-SAT  orbit  altitude  (GEO) 
RX-SATs  orbit 'altitude  (LEO) 
Off-nadir  angle  of  antenna  beams 
Velocity  of  RX-SATs 
Doppler  resolution 
Doppler .bandwidth 
Humber  of  looks 
Integration  time  per  look 
Total  integration  time 
TX-SAT  antenna  dimension 
RX-SAT  antenna  dimension 
Radar  frequency 
RF  bandwidth 


30  m  X  30  m 
36.000  km 
600  km 

-  20  deg 

-  6.5  km/s 
1  Hz 

250  Hz  per  look 
3 

I  s 
3  s 

30  m  X  30  m 
10  m  X  2  m 
1  GHz 
18  MHz 


Tab.l:  GEO-BISAR  System  Param.eters 


RADAR 

BEAMS 


RX-SAT  : 


EARTH 


GROUND 

STATION 


Fig.  9  A  BISAR  SYSTEM  WITH  ONE  GEOSTATIONARY 
TRANSMITTER  AND  RECEIVERS  IN  LOW  EARTH 
ORBITS  (GEO-BISAR) 


value  dezibel 


+  Mean  RF  power 

1  kW/beam 

30  dBw 

+  Integration  time  per  look 

1  s 

0  dBs 

+  Minimum  RCS 

-  90  m’ 

20  dBm’ 

+  (Wavelength)’ 

(0.3  m)’ 

-10  dBm’ 

+  Transmit  antenna  gain 

50  dB 

+  Receive  antenna  gain 

34  dB 

-  (4n)’ 

-33  dB 

-  (k  T,) 

+204  dB/Ws 

-  System  noise  figure 

-4  dB 

-  (Transmit  path  length)’ 

(36.000  km)’ 

-151  dB/ra’ 

-  (Receive  path  length)’ 

(  640  km)’ 

-116  dB/m’ 

-  Overall  system  losses 

-8  dB 

Signal-to-noise  ratio  +16  dB 

Radiometric  resolution  (3  looks)  ,  2  dB 


Tab. 2:  GEO-BISAR  Link  Table 


CONCLUSION 

Bistatic  radar  in  space  is  an  extremely  broad  area  for 
investigations.  A  detailed  discussion  of  all  possible 
concepts  and  their  analytics  would  fill  up  a  book 
completely.  Hence,  this  short  paper  tries  to 
concentrate  on  major  aspects  jn  order  to  provide  a 
basic  overview.  Bistatic  space  radar  might  be  a  viable 
sensor  for  future  remote  sensing  instrumentations  and 
further  investigations  are  worthwhile. 
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Abstract:  An  interferometric  radar  altimeter  is  proposed  to  provide 
wide  swath,  high  resolution  ocean  topography  Several  system  design  is 
sues  of  such  an  interferometric  altimeter  arc  presented.  We  show  the 
tradeoffs  between  processing  of  the  interferometric  signal  using  the  so- 
called  amplitude  approach  and  the  so-called  phase  approach.  We  also 
discuss  the  systematic  errors  associated  with  uncertainties  in  the  inter¬ 
ferometer  baseline  and  the  attitude  of  interferometer  orientation.  An 
approach  using  the  measurements  at  orbit  cross  over  regions,  together 
with  the  topography  measurements  from  a  traditional  nadir  looking  al¬ 
timeter  which  are  not  contaminated  by  the  baseline  and  attitude  noises, 
is  described.  Preliminary  simulation  results  show  that  such  an  approach 
can  generate  an  acceptable  error  level  if  the  ocean  surface  does  not  change 
appreciably  between'the  observations. 

1.  Introduction 

The  use  of  nadir  looking  radar  altimeters  for  measuring  ocean  topogra¬ 
phy  is  a  well  established  technique  through  the  flight  of  such  altimeters  on 
SKYLAB,  GEOS,  SEASAT  and  GEOSAT.  The  altimeter  system  that  is 
planned  for  the  TOPEX/POSEIDON  mission  will  perform  high  accuracy 
topography  mapping  over  the  global  oceans  over  a  period  of  years.  The 
data  generated  will  be  used  in  various  ocean  circulations  and  modelling 
studies. 

The  usefulness  of  such  nadir  looking  altimeters  for  the  study  of  mesoscale 
ocean  features,  however,  is  limited  by  the  swath  that  the  altimeter  gen¬ 
erates.  Even  using  the  beam-limited  footprint  on  the  ocean,  the  typical 
swath  achieved  is  less  than  25  km.  In  many  missions,  the  satellites  are 
placed  in  repeat  ground  track  orbits  and  with  the  limited  swath,  a  sig¬ 
nificant  portion  of  the  space-time  domain  of  ocean  features  cannot  be 
adequately  sampled..  For  example,  there  are  ocean  circulation  eddies  that 
have  spatial  extent  that  ace  comparable  or  smaller  than  the  orbital  track 
spacings.  These  features  cannot  be  mapped  accurately  with  a  single  nadir 
looking  altimeter  beam.  A  wide  swath  ocean  altimeter  system  is  required. 

The  simple-minded  approach  of  using  several  off-nadir  antenna  beams 
to  measure  the  topography  over  a  wide  swath  has  significant  difhculties. 
In  particular,  the  sharp  rising  edge  in  the  return  waveforms  of  nadir  look¬ 
ing  altimeters  will  no  longer  be  present.  The  return  waveform  will  spread 
over  the  equivalent  range  spacing  of  several  tens  of  meters  and  to  extract 
an  ocean  toppography  measurement  with  centimetric  level  accuracy  is 
nearly  impossible.  Another  difficulty  is  that  the  attitude  of  the  antenna 
beam  must  be  accuractely  known  in  order  to  allow  a  proper  location  of 
the  topopgraphy  measurement.  A  slight  error  in  the  antenna  pointing 
angle  will  translate  into  large  topography  systematic  errors. 

Bush  et  al.  (Bush  et  al.,  1984)  proposed  an  interferometric  altime¬ 
ter  technique  to  effectively  generate  a  much  reduced  antenna  beamwidth, 
which  reduces  the  range  extent  of  the  return  waveform.  Parsons  and 
Walsh  (Parsons  and  Walsh,  1989)  discuss  some  of  the  issues  associated 
with  that  approach.  A  similar  technique  has  also  been  applied  to  syn¬ 
thetic  aperture  radar  systems  (Zebker  and  Goldstein,  1986).  This  inter¬ 
ferometric  SAR  approach  is  different  in  that  it  utilizes  the  phase  difference 


observed  between  the  two  interferometer  antennas  to  infer  surface  topog¬ 
raphy.  Recently,  this  interferometric  SAR  concept  has  been  extended 
into  a  spaceborne  configuration  by  Li  and  Goldstein  (Li  and  Goldstein, 
1989).  In  this  paper,  we  present-  a  comparison  of  the  conceptual  design 
between  these  two  approaches.  We  list  the  systematic  error  sources  that 
are  present  in  two  approaches.  Furhetmore,  we  show  that  for  ocean  to- 
pograpahy  applications,  the  interferometric  baseline  and  attitude  have  to 
be  known  to  extremely  high  accuracies.  We  propose  an  approach  to  utilize 
the  wide  swath  topography  measurements  over  the  orbit  crossing  regions 
to  determine  the  interferometric  baseline  and  attitude.  Simulated  results 
using  a  seven-beam  system  are  shown.  Finally,  we  briefly  describe  the 
additional  tradeoffs  required  to  confirm  the  viability  of  this  concept. 

2.  Analysis  or  Systematic  Error  Sources 

Ftom  Figure  1,  one  can  see  that  the  height  above  a  reference  surface 
can  be  obtained  by  means  of  the  equation 

z  =  J/-rcos9  (1) 

where  H  is  the  interferometer  height  above  the  reference  surface,  r  is  the 
range  from  the  interferometer  to  the  selected  height,  $  is  the  incidence 
angle,  and  z  is  the  height  to  be  measured.  Both  of  the  measurement 
concepts  discussed  in  this  paper,  which  we  call  the  phase  and  amplitude 
approaches,  use  this  equation  to  estimate  z.  The  difference  between  them 
is  that,  jr  the  phase  approach,  r  is  known  and  9  is  estimated,  while,  for 
the  amplitude  approach,  9  is  known  and  r  is  estimated. 

To  analyze  the  systematic  error  sources  in  the  interferometric  measure¬ 
ment,  we  model  the  return  voltage,  vt  (k  =  1,2),  at  each  of  the  receivers 
from  a  point  x  across-track  from  the  interferometer  by  the  expression 

n(*)  =  /(i)g(i)G(i)exp^-Hip.^  (2) 

(/(!)/•(*'))  =  <To(*)«(*-*')  (3) 

where  we  have  assumed  that  the  phase  shiR  due  to  the  surface  height  is 
random  and  uncorrelated  from  point  to  point.  In  the  above  expression, 
G  denotes  the  antenna  gain,  rt  is  the  distance  from  antenna  k  to  z,  and 
oo  is  the  normalized  radar  cross  section.  We  have  also  included  the  term 
g(z),  which  represents  the  “gate  gains,”  ripples  in  the  return  power  due 
to  the  filtering  of  the  return  signal  to  remove  aliasing.  In  deriving  the 
expression  above,  we  assumed  that,  for  the  purpose  of  our  analysis,  the 
contribution  from  the  pulse  width,  and  the  along-track  contribution  to 
the  signal  could  be  ignored. 

Using  this  expression,  we  derive  the  following  statistical  properties  of 
the  return  signals: 

(ui(z)u;(z))  =  (vj(i)u;(z))  =  <ro(z)G’(r)?’  (4) 

(t>i(z)u;(z))  =  <ro(z)C’(z)}*exp(-i^)  (5) 

where  ^  is  the  phase  difference  between  the  two  signals  and  is  given  by 
^  ^  (B* sin^  -  By  cos^)  +  0  (6) 
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Dr  =  i?y  =  Dcos^,  ^  is  tlic  baseline  attitude  (nominally  US' 

sumed  to  be  0),  B  is  the  inteifcrometer  baseline,  A  is  the  electromag¬ 
netic  wavelength,  and  t!)  is  a  factor  introduced  to  simulate  phase  con¬ 
tamination  due  to  multipath  elTccts,  waveguide  deformation,  or  receiver 
imbalance.  The  amplitude  term  in  these  equations  can  be  modeled  as 
=  /lest  (I  +  ti),  where  represents  the  value  of  this 
term  estimated  from  a  priori  knowledge  (calibration  and  modeling  of  the 
ocean  scatter)  and  ii  represents  the  noise  due  to  the  error  in  this  knowl¬ 
edge. 

In  the  phnso  approncli,  tilt  product  tii(i)ti;(i:)  is  formed  and  the 
phase  dilference  is  cstim.ated  by  means  of  the  equation 


=  arctan 


lm(t)i(j)e;(i)) 

Rc(ei(i)i>;(r)) 


(7) 


The  incidence  angle  for  each  range  bin  is  then  solved  for  using  equa¬ 
tion  (  6  ).  A  height  estimate  for  each  range  bin  is  then  obtained  by 
replacing  in  equation  (  1  ).  Height  noise  can  be  reduced  by  averaging 
dilTerent  estimates  over  the  spatial  resolution  cell. 

Notice  that  the  amplitude  terms  cancel  in  equation  (  7  ),  so  that  the 
phase  difference  estimate  is  not  contaminated  by  creors  in  antenna  or  filter 
gain  calibration,  or  in  modeling  the  ocean  return.  Notice,  also,  that  the 
phase  can  only  be  obtained  modulo  2t.  The  problem  of  “unwrapping”  the 
phase  to  obtain  the  true  phase  has  been  addressed  elsewhere  (Goldstein  ct 
al.,  1988).  Let  us  mention,  however,  that  making  a  2)r  error  in  unwrapping 
the  phasc'rcsults  in  a  height  error  estimation  of  tens  of  meters.  Since  the 
ocean  geoid  is  known  to  much  greater  precision,  we  do  not  anticipate  that 
phase  unwrapping  will  present  significant  problems  for  ocean  altimetry 

In  the  aiiiplitudo  approach,  the  voltage  from  both  antennas  is 
summed  and  the  resulting  signal  is  square  law  detected  The  resulting 
signal  is  given  by 


<  0.11”  (15) 

If  one  assumes  that  the  phase  contamination  is  due  to  leakage,  the  last 
requirement  is  equivalent  to  requiring  power  isolation  to  be  better  than 
•02  dB.  As  can  be  seen,  these  requirements  arc  extremely  stringent  and 
probably  beyond  the  capability  of  present  day  technology  In  the  next  sec¬ 
tion,  we  shall  discuss  a  possible  approach  to  overcoming  these  limitations 
by  using  satellite  cross-over  information. 

We  next  examined  the  effects  of  errors  in  o  priori  knowledge  in  the 
antenna  calibration,  filter  gains,  and  scattering  model  on  the  amplitude 
approach  estimated  height.  We  assumed  that  the  parameter  N  in  equa¬ 
tion  (  8  )  could  be  modeled  as  a  Gaussian  variable,  independent  from 
sample  to  sample,  whose  mean  is  equal  to  1.  We  implemented  the  track¬ 
ing  algorithm  described  in  the  paper  of  (Bush  et  al.,  1986)  and  performed 
a  Monte  Carlo  simulation  of  the  tracker  error  induced  by  variations  in 
N.  The  system  parameters  are  the  ones  in  the  previous  example,  and  the 

system  bandwidth  is  300  MHz  The  results  are  presented  in  the  following 
table. 


N  (dB) 

Height  Noise  (cm) 

0.1 

3.0 

0.05 

1.5 

0.01 

0.95 

As  can  be  seen,  the  accuracy  requirement  in  the  calibration  of  the 
antenna  pattern  and  the  filter  gams  is  very  stringent.  On  the  other  hand, 
these  error  sources  are  not  present  when  the  phase  estimation  approach 
is  used. 


.  /’(*)  =  2/l5jt(l  +  cos(5(*))Ar  (8) 

where  N  =  1  n.  The  height  estimate  is  then  made  oy  tracking  the  range 
to  the  peak  of  a  preselected  lobe  in  the  interfeicnce  pattern.  By  selecting  a 
given  lobe,  say  the  mlh  lobe,  the  incidence  angle  is  automatically  selected 
by  the  equation  smd  =  mA/B.  The  detailed  nature  of  the  tracking  algo¬ 
rithm  determines  the  accuracy  with  which  the  range  may  bo  estimated. 
A  fundamental  limitation  of  all  tracking  algorithms,  however,  will  be  the 
actual  range  to  the  interference  peak  which,  using  equation  (  6  ),  can  be 
shown  to  equal 


(B-z) 

0- 

(By/Brf 

) 

1  J 

717  z.fi,  ^  y 

f 

3 

+  1 

Systematic  errors  in  determining  By,  and  tl>  will  result  in  system¬ 
atic  errors  in  the  height  estimate.  By  differentiating  equations  (  1  )  and 
(  6  )  (for  the  phase  approach),  or  equations  (  1  )  and  (  9  )  (for  the  am¬ 
plitude  approach),  ave  obtain  the  systematic  error  associated  with  each 
parameter: 


6zi  = 

rsin^O 

BtCosO  +  BysinO  * 

(10) 

Szi  = 

rsin(?cos(? 

Br  cos  0‘i-  By  sin  0  ^ 

(11) 

6z3  = 

^rsin0  ,, 

2x  (Br  sin  O-bB,  sin  0)  ^ 

(12) 

Notice  that  the  sensitivities  for  both  approaches  are  identical,  even  though 
the  parameters  estimated  ate  different. 

To  see  the  practical  implications  of  these  equations  for  ocean  satellite 
interferometry,  consider  a  system  with  orbit  height  of  800  km,  baseline 
of  12  m,  wavelength  of  0.8  cm  (Ka-band),  and  incidence  angle  of  3.5°.  If 
we  assume  that  each  of  the  error  sources  contribute  at  most  1  cm  height 
error,  the  knowledge  requirement  for  the  various  parameters  is  given  by 

6B  <  4.0xl0”®meter3  (13) 

SB 

<  4.2xl0"’arcseconds  (14) 


3.  Removal  of  Systematic  Errors  Using  Cross-Over  Tracks 


The  accuracy  requirements  on  the  knowledge  of  the  interferometric  at¬ 
titude  and  baseline  ate  so  stringent  that  they  ate  nearly  impossible  meet 
by  present  day  technology  In  this  section,  wo  examine  the  feasibility  of 
using  the  data  obtained  by  the  interferometric  altimeter  and  a  nadir  look¬ 
ing  altimeter  over  the  regions  where  the  orbital  tracks  cross  to  determine 
the  baseline  and  attitude  We  assume  that  the  surface  height  change  is 
small  in  the  time  between  the  two  satellite  passes  For  an  n  beam  inter¬ 
ferometer  in  which  the  n  beams  ate  symmetrically  placed  about  nadir, 
there  will  be  n’  cross-over  points  arranged  in  a  diamond  pattern  when 
the  orbit  cross-over  occurs. 

The  estimated  height  error  for  the  l:"‘  pass  (t  =1,2)  will  be  modeled 
as 


where  the  indeecs  i  and  j  refer  to  the  beams  of  the  first  and  second 
interferometer,  respectively;  is  the  estimated  height  at  tiiis  cross-over 
point,  is  the  true  surface  height,  the  baseline  error  in  the 

cross-track  direction  and  given  by 


(Mu  co,8[;>B<‘>  +  sind<;>f?J*) 


=  nSJ>«B(‘)  (17) 


(by)iv  baseline  error  in  the  height  direction 


‘(by)<i  - 


r(*^sind,^j*cos9^j* 
cos9}*'Bi‘'  •Psin«J^‘>Bj*' 


«B(*)  =  6jl>SD(‘> 


(18) 


‘(orbit)  i>  ostimation  over  the  cross-over  diamond 

which  we  have  modeled  .as 


‘(orbit)  (y  “  '***  ■*"  ‘e  (1®) 


where  is  a  constant  and  is  a  Gaussian  random  variable  of  adjustable 
variance  which  mimics  residual  orbit  error  and  random  surface  motions; 


,  'y'  ‘(range)  i/  ">l«rfcrometcr  random  range  error  which  is  as- 
sumed  to  be  the  result  of  2cm  noise  for  the  nadir  beam  and  5cm  noise  for 
(he  oiT-nauir  beams. 
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Assuming  thst  the  ocean  surface  does  not  change  between  the  two 
tracks,  one  can  take  the  estimated  height  difference  at  each  cross-over 
point  to  obtain 


Ary  =  (20) 

=  -  ajpSB<»  -  ijPiB<^>  -b  Ac  -f  Ci^l) 


where  Ac  =  c(‘i  -  c^’^  and  cy  is  a  Gaussian  random  variable  whose 
standard  deviation  <ry  which  can  be  can  be  calculated  using  the  range  and 
orbital  noise  standard  deviations.  The  problem  is  now  in  the  standard 
form  for  weighted  least  squares  estimation  of  the  five  linear  parameters 
SBt^\  SBf^\  and  Ac.  Errors  in  the  parameters  SBi'^  and 
6B?^  are  the  most  critical  in  the  calculation  of  ocean  vorticity  since  they 
introduce  quadratic  errors  in  the  cross-track  distance.  The  parameters 
and  on  the  other  hand,  will,  to  first  order,  only  introduce 
surface  tiits. 

The  standard  deviations  in  the  estimated  parameters  can  be  easily 
calculated  by  using  linear  error  propagation.  The  accuracy  of  the  esti¬ 
mated  parameters  depends  on  the  number  of  cross-over  points  which,  in 
turn,  depend  on  the  number  of  beams.  To  study  this  dependence,  we 
examined  interferometers  with  3,  5,  and  7  beams  and  assur.-'  .-d  that  the 
beams  were  separated  by  1.75°.  The  results  for  the  standard  deviations 
in  '  and  B,  ate  presented  in  Figure  2  for  two  values  of  the  orbit  error. 
The  implication  of  these  figures  for  the  lieight  noise  measurement  at  50 
km  cross-ttkek  is  presented  in  Figure  3. 

To  study  the  biases  induced  by  surface  motion,  we  simulated  a  sim¬ 
plified  moving  ocean  eddy.  The  eddy  was  assumed  to  be  Gaussian  with 
a  height  of  50  cm  and  standard  deviation  of  60  km.  It  was  assumed  that 
the  eddy  moved  100  km  pet  month  and  that  it  decayed  lineariy  so  that  it 
completely  dissipated  also  in  one  month  (this  was  found  to  be  the  worst 
case  among  several  eddies  studied).  The  biases  in  the  estimated  base¬ 
line  as  a  function  of  the  cross-over  repeat  time  is  plotted  in  Figure  4  for 
5  and  7  beams.  In  this  figure,  the  “let  pass”,  and  “2nd  pass”  refer  to 
the  estimated  baseline  error  in  the  first  and  second  passes,  respectively. 
Notice  that  due  to  the  shape  of  the  simulated  moving  eddy,  the  baseline 
estimate  for  the  five  beam  interferometer  it  in  greater  error  for  the  second 
pass  than  for  the  first  pass.  As  can  be  seen,  for  a  7  beam  interferometer, 
height  biases  of  less  than  three  centimeters  will  be  incurred  for  cross-overs 
separated  by  as  long  as  9  days.  On  the  other  hand,  for  a  5  beam  altimeter, 
acceptable  errors  are  only  obtained  when  the  cross  overs  are  separated  by 
about  three  days. 


4.  Summary 


VVe  have  presented  a  set  of  system  design  iscues  associated  with  an 
interferometric  altimeter  for  wide  swath  ocean  topography  mapping.The 
systematic  error  sources  for  the  so-called  phase  and  amplitude  approaches 

are  summarized.  We  also  show  the  feasibility  of  using  the  data  obtained 
in  the  orbit  crossover  regions  to  determine  the  attitude  and  baseline  for 
the  interferometer  configuration.  Additional  issues  that  must  be  stud¬ 
ied  in  detaii  include;  receiver  phase  imbalances,  relative  phase  knowledge 
between  the  antenna  beams,  spatial  gradient  of  radar  crocs  sections  (Par¬ 
sons  and  Waish,  1989),  etc.  The  removal  of  atmospheric  and  ionospheric 
delays  from  the  height  measurements  must  be  evaluated  too. 
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ABSTRACT 

The  next  generation  of  SAR  antennas  will  be  of  the 
active  phased  array  type.  This  paper  describes  the 
ongoing  development  of  a  phased  array  bread  board  for 
remote  sensing.  Starting  from  a  detailed  system  design 
a  functional  representative  bread  board  was  developed. 
The  design  and  the  performance  are  discussed  in  the 
following. 

Keywords:  Phased  Array  Antenna,  Radar,  Synthetic  Aper¬ 
ture  Radar,  Microwave  Technology,  Hicrostrip 
Antenna. 


1.  Introduction 

Future  Synthetic  Aperture  Radar  systems  (SAR)  will 
introduce  flexible  mode  operations  to  scan  the  earth's 
surface.  This  requires  phased  array  technologies  with 
adaptive  beam  steering  and  beam  forming  capabilities. 


Cornier  is  presently  leading  a  multi  national  project 
under  ESA  contract  to  define  the  technology  of  advanced 
SAR  systems.  This  work  includes  the  development  of  a 
phased  array  antenna  bread  board  to  demonstrate  the 
capabilities  for  advanced  SAR  applications.  It  is  com¬ 
posed  of  a  radiating  board,  T/R  modules,  beam  forming 
networks,  a  power  supply  and  distribution,  a  control 
system  and  structural  parts.  Main  contributors  to  the 
antenna  breadboard  hardware  are  Cornier,  Ericsson  Radar 
Electronics,  and  Selenia  Spazio. 

The  nominal  performance  and  requirement  parameters  for 
the  bread  board  are  derived  from  a  comprehensive  system 
design  to  ensure  the  adequacy  to  a  space  system.  The 
bread  board  undergoes  detailed  testing  on  component  and 
system  level  to  prove  the  expected  performance. 

The  present  paper  will  show  the  overall  layout  of  a 
space-borne  phased  array  SAR  antenna,  the  design  of  the 
bread  board  model,  the  subsystem  performance,  and  a 
dicussion  of  the  implications  for  the  complete  system. 


Fig.  2-1:  Principal  antenna  lay-out 
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The  present  system  is  operating  at  5.3  GHz  with  50  ps 
pulsewidth  and  50  MHz  bandwidth.  Due  to  the  required 
flexibility  of  the  SAR  instrument  the  antenna  has  to 
cover  a  wide  range  of  possible  beamwidths  and  steering 
angles.  The  swath  width  shall  be  selectable  between 
50  kra  and  500  km  using  high  and  low  resolution  SAR 
modes.  An  additional  mode  to  normal  SARs  is  the  spot 
beam  mode  which  requires  azimuth  steering  capabilities 
of  the  antenna.  In  all  modes  either  H  or  V  polarisation 
shall  be  transmitted  and  both  H  and  V  shall  be  measured 
on  receive. 


2.  Space-borne  Phased  Array  Antnena  Layout 

In  order  to  perform  azimuth  and  elevation  beam  steering 
the  radiating  aperture  has  to  be  divided  in  several 
independently  phase  controllable  sections  or  elements. 
The  beam  steering  requirements  are  ±1.5  deg.  in  azimuth 
and  ±  10.7  deg.  in  elevation. 

Due  to  the  small  azimuth  steering  range  the  antenna 
length  can  be  divided  in  sections  larger  than  one  wave¬ 
length,  thus,  simplifying  the  antenna  feed  network  but 
causing  grating  lobes  to  appear  in  the  radiation  pat¬ 
tern.  With  an  azimuth  grating  lobe  level  of  -13  dB  the 
maximum  width  of  one  section  is  restricted  to  about 
O.A  m,  which  gives  A9  electrically  independent  panels. 
This  allows  to  combine  groups  of  7  electircal  panels  to 
7  mechanical  panels. 

Tlie  elevation  scan  range  requires  an  element  spacing 
less  than  0.8  Xg.  From  the  SAR  system  design  the 
smallest  elevational  beamwidth  is  1.75  deg.,  equivalent 
to  an  antenna  width  of  1.6A  m,  or  39  subarrays. 
Fig.  2-1  shows  the  principal  antenna  layout. 

The  radiating  board  consists  of  raicrostrip  fed  patch 
arrays  with  dual  polarization  capabilities.  8  patches 
form  a  subarray  which  has  its  own  amplifier  and  phase 
shifter.  Thus,  almost  2000  electronic  modules  are 
distributed  over  the  entire  array. 

The  elevational  transmit  pattern  has  to  fulfil  certain 
requirements  (antenna  mask)  concerning  beam  shape  and 
gain.  Fig.  2-2  gives  a  synthesized  pattern  for  the  wide 


swath  mode.  On  receive,  the  beam  shall  dynamically  fol¬ 
low  the  direction  of  the  incoming  pulse  echo.  This 
procedure  allows  a  higher  antenna  gain,  and  therefore, 
a  better  signal  to  noise  ratio  for  the  SAR  instrument. 
The  improvement  of  the  SNR  is  necessary  because  the 
cross  polar  components  shall  be  detected  with  an 
acceptable  quality. 

Apart  from  the  T/R  modules  there  are  several  other 
electrical  subsystems:  power  supply,  antenna  control 
computer,  beamforming  networks,  power  and  control  net¬ 
works. 

The  antenna  mechanical  design  is  largely  determined  by 
the  electrical  layout,  e.g.  the  subdivision  of  the 
radiating  aperture  in  electrical  panels  an  the  total 
aperture  size  which  results  from  beamwidth  constraints. 
Due  to  launcher  constraint  (ARIANE  IV  is  envisaged)  the 
antenna  has  to  be  folded  to  a  stowed  configuration, 
thus,  the  antenna  is  subdivided  in  several  sections 
linked  together  via  hinges. 


3.  Bread  Board  Design 

The  B/B  functions  are  to  a  great  extend  derived  from 
the  space  antenna  functions.  Essentially,  the  B/B  shall 
be  able  to  transmit  fixed  length  RF  pulses  of  a  given 
frequency  and  with  a  given  pulse  repetition  rate.  The 
transmit  beam  shall  be  steerable  to  different  direc¬ 
tions  by  electronic  means  and  shall  also  be  variable  in 
terms  of  beamwidth  and  beamshape.  The  polarization  of 
the  radiated  field  shall  be  switchable  between  horizon¬ 
tal  and  vertical. 

On  receive  the  antenna  aperture  is  illuminated  by  a  RF 
CH  signal  of  the  same  frequency  as  transmitted.  The 
receive  beam  shall  be  stepped  over  a  distinct  angular 
sector  with  a  angular  velocity  corresponding  to  the 
space  antenna  receive  scan  mode,  hence,  the  scanning 
shall  be  done  in  real  time.  Beside  beam  scanning,  fixed 
receive  beam  positions  shall  be  selectable  within  the 
angular  scanning  range.  Both  polarizations  shall  be 
received  simultaneously.  Therefore,  the  receive  section 
comprises  dual  polarized  receive  channel  pairs  forming 
at  the  same  time  two  receive  beams  of  identical  main- 
lobe  direction. 

The  hardware  required  to  carry  out  the  functions  listed 
before  consists  of  several  subsystems  described  herein 
after.  These  systems  are  the  Radiating  Board,  the  RF 
Front-End  (T/R  Module  Boards)  the  Beam  Forming  Network 
(BFN) ,  the  Digital  Control  Subsystem  (DCS)  and  the 
Power  Supply  Subsystem  (FSS) .  A  schematic  drawing  of 
the  subsystems  indicating  also  electrical  interfaces  is 
si.own  in  figure  3-1. 


Figure  3-2  shows  the  bread  board  hardware.  It  is  com¬ 
posed  of  the  subsystem!  described  above.  Due  to  cost 
reasons  the  mechanical  lay  out  is  different  from  a 
space  antenna  design.  Especially  each  T/R  module  board 
will  be  a  small  T/R  module  unit  in  a  later  development 
stage.  However  electrically  the  bread  board  is  designed 
to  demonstrate  the  beam  agility  and  other  important 
parameters,  like  H  and  V  operation,  for  a  later  space 
system. 


Fig.  2-2:  Far  swath  synthesized  antenna  pattern 
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Fig.  3-1:  Breadboard  Subsystems 
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Fig,  3-2:  Schematic  of  the  bread  board  hardware 


The  radiating  board  subsystem  performs  the  transmit  and 
receive  antenna  functions.  The  radiating  board  is  a 
planar  array  of  dual  polarized  square  microstrip 
patches  printed  on  a  low  permittivity  dielectric  sub¬ 
strate.  It  consists  of  8  horizontally  arranged  linear 
subarrays  of  8  patches  per  subarray.  The  subarrays  are 
fed  by  two  sets  (one  for  each  polarization)  of  coaxial 
feed-throughs  from  the  substrate  rear  side  (ground 
plane)  to  the  patch  feeding  microstrip  lines  on  the 
front  side.  The  radiating  board  is  connected  to  the  T/R 
modules  by  short  coaxial  cables  with  SKA  connectors  on 
both  ends. 

The  RF  Front  End  (T/R  Module  Boards)  subsystem  com¬ 
prises  the  solide  state  driver  and  power  amplifiers, 
the  LKA's,  the  mixers,  the  horizontal/vei'tical  polari¬ 
zation  switches,  limiters  for  LHA  protection,  and  the 
transmit/receive  duplexers.  The  power  stages  and  part 
of  the  drivers  stages  will  be  operated  with  pulsed 
supply  voltages/  currents.  The  total  subsystem  consists 
of  8  identical  boards.  The  function  of  the  boards  can 
be  seen  from  figure  3-3.  The  boards  are  connected  to 
the  radiating  board  and  the  BFN  board  by  coaxial 
cables. 


The  basic  functions  of  the  BFN  are  signal  distribution 
(RF/LO),  signal  combining  (IF,  H-pol.  and  V-pol.)  and 
phase  shifting  (RF/LO).  On  both,  the  transmit  and 
receive  operation,  the  phase  shifting  is  done  by  the 
same  set  of  digital  RF  phase  shifters,  thus,  minimizing 
their  number  required.  On  receive,  the  phase  of  the  LO 
signals  for  the  H/V  mixer  pairs  is  shifted  before  it  is 
split  and  fed  to  the  mixer  LO  ports.  Therefore,  the  Rx 
H  and  V  beams  are  steered  simultaneously  as  required 
for  the  SAR  system.  However,  because  by  this  means  no 
independent  control  of  the  H  and  V  beam  pointing  is 
possible,  the  two  channels  of  an  Rx  channel  pair  are 
subjected  to  tight  phase  matching  requirements  in  order 
to  get  good  pointing  alignment. 
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Fig.  3-3:  T/R  module  board  functional  diagram 


The  Digital  Control  Subsystem  (DCS)  consists  of  two 
parts,  the  Digital  Control  Unit  (DCU)  and  a  Personal 
Computer  (PC) .  The  PC  software  presents  to  the  operator 
a  window-oriented  operating  menu  from  which  he  selects 
the  tasks  to  be  performed  by  the  B/B,  e.g.  one  of  the 
Tx  or  Rx  operating  modes.  The  PC  supervises  the  DCU 
which  is  the  PC's  interface  to  the  B/B  hardware.  The 
DCU  comprises  look-up  table  memory  for  phase  shifter 
data  for  256  antenna  beam  directions.  The  pulse  repeti¬ 
tion  frequency  (PRF)  and  the  control  signals  for  driver 
and  power  stage  gating  and  others  are  generated  by  the 
DCU.  The  high  speed  data  transfer  to  the  phase  shif¬ 
ters,  which  requires  fast  read-out  of  the  lock-up 
tables,  is  the  major  task  of  the  DCU.  The  computation 
of  the  phase  shifter  data  required  for  a  certain  beam 
steering  angle  under  consideration  of  the  phase  correc¬ 
tion  data  (known  from  calibration)  will  be  performed  by 
a  dedicated  high  level  language  software  package 
running  on  the  PC. 


The  Power  Supply  Subsystem  (PSS)  consists  of  the  AC  fed 
Power  Conditioning  Unit  (PCU)  and  the  DC  to  AC  inver¬ 
ter.  This  concept  is  very  similar  to  the  space  antenna 
power  distribution  concept,  where  the  power  distribu¬ 
tion  to  the  numerous  panels  is  done  on  high  voltage  AC 
level  with  the  AC  voltage  generated  from  the  space 
craft  DC  voltage  by  a  DC  to  AC  inverter. 

The  PCU  provides  DC  power  for  all  active  components  on 
the  T/R  module  boards  and  on  the  BFN  board. 

Part  of  the  RF  power  stage  supplies,  the  power  modula¬ 
tors,  are  located  inside  the  power  stage  housings  in 
order  to  have  short  distances  for  the  high  current  pul¬ 
ses  needed  there.  The  control  signal  for  power  stage 
current  switching  is  fed  directly  from  the  Digital  Con¬ 
trol  Unit  to  the  power  modulators.  The  Digital  Control 
Subsystem  has  its  own  build-in  power  supplies. 


a.  Bread  Board  Subsystem  Performance 

The  following  gives  a  summary  of  bread  board  perform¬ 
ance  data  for  the  radiating  board,  the  pulsed  power 
amplifier  and  the  receiver  chain. 

The  radiating  board  comprises  8  linear  subarrayt  of  8 
dual  feed  square  microstrip  patches.  Some  performance 
data  are  given  below. 


Center  frequency  5.300  GHz 


Frequency  bandwidth 

50 

MHz 

Gain  H-pol,  V-pol 

25 

dB 

Cross  polarization 

>  H-pol 
V-pol 

-26 

dB 

at  boresight  max. 

-28 

dB 

VSHR  max. 

1  H-pol 
V-pol 

1,5 

across  bandwidth 

1.8 

Peak  gain  variation 

>  H-pol 
’  V-pol 

<0,5 

dB 

across  bandwidth 

<0.2  dB 

Losses,  o)miic,  mismatch 

<1 

dB 

The  amplifier  chain  in  the  T/R  module  transmit  path 
consists  of  5  GaAs-FET  stages  whereof  the  last  A  stages 
are  operated  with  pulsed  drain  currents.  The  current 
switches  and  pulse  energy  storage  capacitors  are  inte¬ 
grated  in  the  power  stage  housing.  Some  of  the  main 
characteristics  of  the  amplifier  chain  are  listed 
below. 


Pulse  rep.  frequ.  102A  Hz 

RF  pulse  length  50  ps 

Output  power  AO  dBm 

Gain  AO  dB 

In  pulse  gain  variation  <  0.9  dB 

In  pulse  phase  variation  <  5  deg  • 

Unit  to  unit  gain  tracking  i  0.5  dB 

Efficiency  (last  2  stages)  >25  % 


Each  of  the  two  parallel  receive  channels  is  consti¬ 
tuted  of  a  diode  limiter  and  a  two  stage  LNA.  Some  key 
data  are; 

Gain  19  dB 

Noise  figure  A. 7  dB 

Unit  to  unit  gain  tracking  ±0.5  dB 

Gain  diff.  H/V  <0.9  dB 

Phase  diff.  H/V  <9  deg 


5 .  Conclusion 

The  present  activities  to  define  active  antennas  for 
space-borne  applications  show  promising  results.  The 
bread  board  activities  show  that  most  of  the  envisaged 
performance  data  can  be  met.  However,  the  total  mass 
and  power  consumption  figures  require  further  detailed 
investigations,  A  reduction  of  these  figures  is  neces¬ 
sary  to  make  space  operations  feasible  for  large  active 
phased  array  SAR  antennas. 

There  are  several  ideas  to  reduce  mass  and  power  which 
have  to  be  traded  against  each  other  in  terms  of  per¬ 
formance,  cost  and  feasibility  for  space  applications. 
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Abstract 

A  variable  antenna  area  for  a  spaceborne  synthetic  aperture  radar  (SAR)  offers  the  possibility  of  broadside 
imaging  with  high  area  rates  over  a  wide  range  of  grazing  angles*  The  antenna  area  must  exceed  a  minimum  value  to 
avoid  ambiguous  responses  in  range  and  Doppler.  The  rectangular  antenna  length  is  fixed  by  the  azimuth  resolution. 
The  antenna  height  is  initially  determined  to  fulfill  the  ambiguity  constraint  and  then  possibly  Increased  to  meet 
the  SAR  power  constraint.  A  simplified  active-element  phased  array  with  discrete  heights  is  suggested  and  analyzed 
for  SAR  performance  An  imaging  rate  up  to  651  kroVsec  has  been  calculated  for  a  5.3  GHz  SAR  in  an  800-km  altitude 
orbit  and  10°  gra.  '  igle. 


Key  words  -  synthetic  aperture  radar,  satelliteborne  SAR,  imaging 


Introduction 

The  antenna  area  of  a  spaceborne  synthetic  aperture 
radar  (SAR)  must  exceed  a  minimum  value  to  avoid  respon¬ 
ses  ambiguous  in  range  and  Doppler  for  the  particular 
geometry  and  radar  wavelength.  (Tomiyasu,  1978,  Elachl, 
1982)  For  the  farthest  range  and  smallest  grazing  an¬ 
gle  at  the  scene,  a  large  area  and  hence  narrow  beam- 
width  is  required  to  fulfill  the  ambiguity  constraint. 
The  beam  footprint  size  traversing  at  the  orbital  ground 
speed  will  yield  the  SAR  imaging  rate.  If  this  initial 
beam  is  slewed  towards  nadir  with  a  higher  grazing  angle 
and  shorter  range,  the  beam  footprint  size  would  be  sig¬ 
nificantly  smaller  that  at  the  farthest  range.  For  this 
high  grazing  angle  geometry,  a  significantly  smaller  an¬ 
tenna  could  be  used  to  meet  the  ambiguity  constraint.  A 
smaller  antenna  area  would  result  in  a  larger  beam  foot¬ 
print  and  restore  much  of  the  loss  in  imaging  rate. 

Kith  a  different  approach  a  wide  swath  can  be  imaged 
using  a  narrow  antenna  beam  scanned  in  elevation  angle. 
(Tomiyasu,  1981,  Moore,  1981) 

Typically  with  a  spaceborne  platform  there  is  a  lim¬ 
it  on  the  amount  of  power  available  to  operate  a  SAR. 
With  an  ambiguity  constrained  antenna  if  the  required 
SAR  power  exceeds  that  available,  the  power  can  be  red¬ 
uced  by  increasing  the  antenna  area.  Further,  the  ter¬ 
rain  scene  scattering  coefficient  is  generally  weak  at 
small  grazing  angles  and  becomes  significantly  stronger 
at  large  grazing  angles.  Thus,  for  a  number  of  reasons 
a  spaceborne  SAR  with  variable  antenna  height  offers  ad¬ 
vantages  that  warrant  a  brief  analysis  of  its  perfor¬ 
mance. 


*amb 


where  Vg,. 
A 
R 
c 
9 


SVggA  R 


c  tan  g 

«  spacecraft  velocity 

■  wavelength 

■  radar  slant  ran^'e 

■  light  velocity 

■  grazing  angle  at  scene 


The  minimum  antenna  area,  Ag,„t,,  as  a  function  of  g  is 
plotted  in  Figure  1  for  a  5.3  GHz  SAR  on  a  satellite 
in  a  800-km  altitude  circular  orbit.  For  this  example 
Vgc  is  7450  m/s  and  A  is  0.056$  m.  A  very  large 
spread  in  Ag,^t,  is  noted. 


Terrain  Scattering  Coefficient 

The  scattering  coefficient  CT°  of  numerous  scenes 
for  different  wavelengths  and  polarization  have  been 
measured  and  reported.  Although  there  are  large  vari¬ 
ations  in  the  coefficient,  the  following  relationship 
has  been  arbitrarily  selected  for  this  analysis: 

»  0,03  tan  g 

This  relationship  is  also  shown  in  Figure  1. 

Azimuth  Resolution 


With  a  broadside  imaging  geometry  the  azimuth  res 
olutlon  for  a  single  azimuth  "look"  image  is  approxi¬ 
mately  one-half  of  the  in-track  or  azimuth  dimension 
La  of  a  rectangular  aperture  antenna.  For  multiple 


**  SpitC 


szins’jth  rCwCluticri  v 


is  given  by 


Ambiguity  Limited  Antenna  Area 

To  avoid  ambiguous  responses  in  range  and  Doppler 
the  antenna  area  must  exceed  the  ambiguity  value  given 
approximately  by:  (Tomiyasu, 1978) 


<Jaz  =  N 

In  this  analysis  the  azimuth  resolution  is  assumed 
constant  for  all  grazing  angles. 
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Figure  1 


Antenna  Height 

For  the  variable  area  antenna  it  is  assumed  that 
only  the  antenna  dimension  in  the  elevation  direction 
Lg  will  be  varied  so  that 

*ant  *  I-A  ^E- 

Scene  Ground  Range 

The  distance  from  satellite  nadir  to  the  imaging 
scene  along  the  earth's  surface  as  a  function  of  grazing 
angle  is  plotted  in  Figure  1.  The  satellite  height 
above  earth  is  800  km. 

SAR  Transmitter  Power 

A  very  important  constraint  on  spacebotne  SAR  is 
the  amount  of  power  required  by  the  transmitter.  As 
stated  earlier  the  required  power  level  can  be  reduced 
by  Increasing  the  antenna  area  which  reduces  the  beam 
footprint  size.  The  transmitter  average  power  Pave  is 
given  by  (Tomiyasu,  1981): 

^amb 


*ant 


rrc^kTsLg  R  sin^g 


SNR 


8'?2v- 


i^rCOS  g 


W  =  R  Sg/sin  g 

where  Sg  “  elevation  beam  width,  in  radians. 

The  imaging  rate  IR  is  given  by 

IR  «  W  X  6.62,  kmVsec. 

In  calculating  the  required  transmitter  average  power 
the  following  assumptions  were  made: 

f  5.3  GHz 

SNR  10  dB  at  beam  center,  4  dB  at  beam  edge 
Tg  450  K  system  noise  temperature 

Ls  6  dB  two-way  system  loss 

N  3  looks 

7  m  slant  range  resolution 

In  the  computation,  the  ambiguity  antenna  areas 
were  first  determined  as  a  function  of  grazing  angle. 
The  antenna  area  (antenna  height)  was  then  increased  to 
reduce  the  power  level  to  50  watts  of  average  power.  A 
different  antenna  height  was  obtained  for  each  grazing 
angle.  With  these  antenna  heights  the  range  swath 
widths  were  calculated  for  grazing  angles  from  10°  to 
700.  The  imaging  area  rates  vary  from  651  kroV®  at  10° 
to  1348  km^/s  at  70°  witli  a  minimum  of  562  kmVs  at  20°. 
This  is  plotted  in  Figure  2. 
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Figure  2 


Variable  Height  Phased  Array  Parameters 


where  SNR  =  signal-to-noise  ratio  at  beam  center 
k  °  Boltzmann's  constant 
Ts  =  system  noise  temperature 
Lg  =  two-way  system  loss,  greater  than  unity 
H  •>  antenna  efficieny 
<sr  ■■  slant  range  resolution 

Constant  Power  Imaging  Rate 

In  this  analysis  a  three-look  azimuth  resolution  of 
30  m  was  chosen  so  that  ^  =  20  m.  For  a  satellite  in 
circular  orbit  at  800  km  altitude  the  satellite  velocity 
is  7.45  km/s  and  the  beam  footprint  velocity  is  6.62 
km/s.  For  simplicity  earth  rotation  effects  ate  neg¬ 
lected.  The  range  swath  width  W  is  determined  from  the 
elevation  geometry  and  is  approximately 


For  this  type  of  SAR  it  is  assumed  that  a  phased 
array  with  active  elements  will  be  employed.  If  the 
elements  on  the  aperture  are  located  on  a  0.7 A  square 
grid  which  would  permit  a  scan  angle  of  25°  from  array 
surface  normal,  the  average  power  per  element  assuming 
uniform  aperture  illumination  will  range  from  0.45  to 
14.26  milliwatts.  These  power  levels  appear  to  be 
reasonable  values  for  active  solid-state  elements. 

These  levels  as  well  as  the  number  of  elements  required 
in  the  array  for  each  grazing  angle  are  plotted  in 
Figure  3. 
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Sliiipllfted  Array  Design 

In  order  to  simplify  the  design  of  the  active 
array/  three  specific  antenna  heights  were  chosen  to 
image  over  the  range  of  grazing  angles*  For  the  small¬ 
est  grazing  angles  of  10  to  20  degrees  an  antenna 
height  of  8.63  m  is  chosen  which  provides  an  imaging 
rate  from  651  to  247  kraVs.  This  is  shown  by  the  dashed 
lines  in  Figure  2.  If  the  average  transmitter  power  is 
fixed  at  50  watts#  the  signal-to-noise  ratio  at  beam 
center  varies  from  10  to  17.1  dB  as  the  grazing  angle  is 
changed  from  10°  to  20°.  At  the  20°  grazing  angle  an 
optional  antenna  height  of  3.79  m  can  be  used  and  the 
imaging  rate  can  be  restored  to  562  kmvs  with  a  SNR  of 
10  dB  at  beam  center.  This  antenna  height  can  be  used 
up  to  40°  grazing  angle  where  the  height  can  be  decrea¬ 
sed  to  1.195  m  to  restore  the  imaging  rate.  The  latter 
height  can  be  used  to  the  limit  o*  70°  grazing  angle. 

Discrete  Height  phased  Array  Parameters 

The  density  of  active  elements  in  the  phased  array 
is  governed  by  the  appearance  of  grating  lobes  when  the 
beam  is  steered  from  array  surface  normal.  If  the  ele¬ 
ments  are  placed  on  a  square  grid  of  0.7  wavelengths 
the  beam  can  be  steered  up  to  25°  from  normal.  The 
number  of  elements  for  the  8.63#  3.79#  and  1.195  m 
height  antennas  are  109,954,  48,288  and  15,225  elements 
respectively.  The  transmitter  average  power  per  element 
assuming  uniform  aperture  illumination  are  0.451,  1.03, 
and  3.28  milliwatts  respectively.  These  element  power 
levels  appear  to  be  reasonable  for  solid-state  devices 
at  5.3  GHz. 


Conclusion 

For  imaging  with  a  broadside-viewing  spaceborne 
synthetic  aperture  radar  over  a  wide  range  of  grazing 
angles  from  10°  to  70°,  the  ambiguity  limited  minimum 
antenna  area  varies  by  a  factor  in  excess  of  30.  The 
goal  of  high  rates  of  imaging  area  requires  the  antenna 
size  to  be  near  the  ambiguity  limit.  However,  to  meet 
a  SAR  power  constraint  it  may  be  necessary  to  increase 
the  antenna  area  thereby  sacrificing  Imaging  area  rate. 
The  antenna  length  in  the  azimuth  direction  is  fixed  by 
the  azimuth  resolution.  To  simplify  the  antenna  design 
three  antenna  heights  ate  suggested  to  cover  the  10°  to 
70°  grazing  angle  range.  With  this  approach,  a  50-watt 
5.3  GHz  SAR  borne  on  a  satellite  in  an  800-km  altitude 
orbit  can  generate  30-m  azimuth  resolution  terrain 
images  at  rates  of  247  to  651  kmVsec. 
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DESIGN  OF  A  DUAL  POLARIZED  MICROSTRIP  PATCH  ARRAY  FOR  AN  ADVANCED  SAR  ANTENNA 
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SPAR  AEROSPACE  LIMITED 
21025  TRANS  CANADA  HIGHWAY 
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ABSTRACT 

Future  Synthetic  Aperture  Radar  (SAR)  systems  In 
space  are  required  to  be  capable  of  imaging  in 
several  modes  calling  for  antennas  which  have 
sophisticated  beamforming  and  rapid  beamswitching 
capabilities.  The  instrument  concept  for  such  an 
Advanced  SAR,  implemented  in  microstrip,  is 
discussed.  The  electrical  design  of  a  dual 
polarized  microstrip  patch  array,  suitable  for  this 
application,  is  presented.  The  array  is  designed 
for  a  uniform  illumination  giving  a  narrow  pencil 
beam  in  azimuth  and  a  broad  elevation  coverage. 
The  measured  results  of  a  sixteen  element  prototype 
array  are  presented  and  compared  to  theoretical 
predictions,  (Kcyvordsi  nUroitrip,  synthetic  cpecturc). 

1.0  INTRODUCTION 

The  antenna  design  described  in  this  paper  is 
intended  for  use  in  an  advanced  Synthetic  Aperture 
Radar  (SAR)  system  to  be  flown  on  a  European  Space 
Agency  (ESA)  satellite  in  the  latter  half  of  the 
next  decade.  This  system  is  required  to  provide 
dual  polarization  Images  of  the  earth's  surface  at 
a  range  of  different  Incidence  angles  and  to  be 
capable  of  limited  spotlight  operation  (1).  The 
SAR  antenna  is  approximately  20m  in  length 
operating  at  5.3  GHz  providing  vertical  and 
horizontal  polarizations  for  both  transmit  and 
receive  modes  of  operation.  The  current  work 
covers  the  technology  definition  phase  for  the 
advanced  SAR  antenna  and  is  aimed  at  providing  16 
breadboard  linear  arrays  (each  with  uniform 
illumination  in  the  azimuth  direction)  which  may  be 
stacked  to  form  a  planar  array  representative  of  a 
future  SAR  panel. 

2.0  INSTRUMENT  CONCEPT  AHP_ SYSTEM  DESIGN 

As  mentioned  above,  the  proposed  antenna  design  is 
Intended  for  use  in  ESA's  next  generation  of 
Synthetic  Aperture  Radars.  The  SAR  on  ESA's  first 
Remote-Sensing  Satellite,  EKS-1,  which  is  due  for 
launch  in  1990,  will  operate  with  an  antenna  that 
produces  a  single  horizontally-polarized  beam 
pattern  pointed  at  a  fixed  angle  in  the  plane 
broadside  to  the  satellite.  This  beam  enables  the 
system  to  image  a  swath  approximately  100  km  in 
width  at  an  incidence  angle  of  around  23°  to  the 
right  of  the  flight  path.  The  Advanced  SAR  system 
is  Intended  to  be  significantly  more  flexible  in 
its  operations,  and  to  have  enhanced  capabilities 


in  terms  of  coverage,  resolution  and  polarization. 
Each  of  these  capabilities  is  translated  into 
specific  requirements  which  have  had  to  be 
addressed  in  the  antenna  design. 

The  Advanced  SAR  is  required  to  be  capable  of 
imaging  in  several  different  modes.  At  one  extreme 
is  imaging  of  a  very  wide  swath  (nominally  500  km) 
at  a  moderate  resolution.  At  the  other,  fine 
resolution  (10m  or  better)  Imaging  of  a  swath  of 
limited  width.  Additionally,  the  system  must  be 
able  to  image  regions  at  any  of  a  range  of 
different  incidence  angles  to  the  side  of  the 
satellite.  These  various  requirements  can  all  be 
satisfied  if  the  antenna  is  designed  to  have 
elevation  beamforming  and  rapid  beamswitching 
capabilities.  The  various  swaths  require  elevation 
beamwidths  which  range  in  width  from  16°  down  to 
3°. 


FIGURE  lA  ADVANCED  SAR  ELEVATION  BEAM  AGILITY 


FIGURE  IB  ADVANCED  SAR  'SPOTLIGHT'  MODE 
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Figure  la  shows  a  schematic  representation  of 
imaging  of  a  series  of  different  regions  using  this 
elevation  beam  agility.  Provided  that  the  swath 
width  required  for  a  given  imaging  period  is  not 
much  greater  than  about  100  km,  a  single  beam  of 
the  necessary  width  and  direction  can  be  formed. 
When  the  requirement  is  for  coverage  of  a  wider 
swath,  the  ScanSAR  technique,  involving  rapid 
switching  between  beams  covering  adjacent  swaths, 
can  be  used. 

In  conventional  ‘,AR  operations,  the  antenna  beam  is 
pointed  continuously  broadside  to  the  flight  path. 
The  total  period  of  signal  that  can  be  processed 
coherently  to  image  any  given  point  on  the  ground 
is  limited  to  the  period  that  the  point  is  in  the 
beam.  The  optimum  resolution  Chat  can  be  achieved 
in  the  along- track  (azimuth)  direction  is  then 
approximately  half  the  antenna  length.  A  0.15“ 
azimuth  beamwldch,  for  example,  will  allow  a 
resolution  of  about  10m  to  be  obtained.  In  order 
Co  obtain  even  finer  resolution  in  this  dimension 
of  the  image,  the  Advanced  SAR  is  required  to  be 
capable  of  limited  'Spotlight'  operation.  This 
mode  of  operation  involves  a  backward  rotation  of 
the  beam  which  allows  the  area  of  interest  to  be 
kept  illuminated  for  a  longer  period  (see  Figure 
lb).  This  extended  period  of  signal  can  then  be 
processed  coherently  to  provide  the  required 
finer  resolution.  In  terras  of  the  antenna,  this 
translates  into  a  requirement  for  a  beamforming 
capability  in  the  second  dimension,  in  azimuth. 

The  system  is  required  to  produce  Images 
simultaneously  in  co-  and  cross-polarizations.  To 
achieve  this,  it  must  be  able  to  transmit  with 
either  horizontally  or  vertically  polarized  waves, 
and  Co  receive  simultaneously  in  both 
polarizations.  These  convert  directly  into 
equivalent  requirements  for  the  antenna.  Although 
the  antenna  design  described  in  the  following 
sections  is  specifically  for  the  one  system,  the 
technology  and  approach  are  equally  applicable  to 
other  advanced  SAR  systems.  One  additional 
capability  that  is  of  particular  interest  is  quad- 
polarization  imaging  (i.e.  with  all  four 
combinations  of  linear  polarization  on  transmit  and 
receive).  This  form  of  imaging  requires  changes  in 
the  system's  operating  parameters,  but  could  be 
provided  with  the  same  basic  antenna  technology  and 
design. 

3.0  ANTF.NNA  DKSTON 
Overall  SAR  Antenna: 

As  shown  in  Figure  2  the  antenna  is  20  m  in  length 
and  is  made  up  of  ten  identical  panels  each  2ra  x  2ra 
in  size.  Each  of  these  panels  consists  of  a  RF 
radiating  surface  of  microscrip  patches  connected 
Co  a  number  of  transmit/receive  (T/R)  modules  at 
Che  rear.  A  mechanical  support  structure  houses 
Che  T/R  modules  and  also  serves  to  fix  the  position 
of  Che  radiating  surface  relative  to  all  other 
panels.  In  order  to  reduce  design  complexity  the 
feed  lines  are  etehed  un  the  same  surface  as  the 
microstrip  patches,  thus  eliminating  the  need  for 
an  additional  substrate  layer. 

The  spacing  between  elements  is  chosen  as 
approximately  0.7  wavelengths  resulting  in  a  50  x 
500  clement  array  for  the  complete  antenna  and  a  50 
X  50  element  subarray  for  each  panel.  The  proposed 
design  concept  maintains  a  uniform  amplitude 
distribution  over  the  complete  antenna. 


Consequently  the  required  beamshaping  in  elevation 
is  achieved  by  phase  only  synthesis  controlled  by 
Che  50  T/R  module  elements  in  Chat  plane. 

Similarly  in  the  azimuth  direction  beamscanning  of 
the  narrow  pencil  beam  may  be  achieved  by 

controlling  the  phase  of  each  panel  resulting  in 
ten  effective  azimuth  elements.  This  arrangement 
assumes  one  T/R  module  per  row.  However  finer 
conti..)!  of  beamscannlng  may  be  achieved  by 
increasing  the  number  of  T/R  modules  in  each  row. 
The  main  antenna  RF  requirements  are  summarized  in 
Table  1. 

IABL£_1  SUtmRY.OF  ELECTRICAL  PERFORMANCE 
REQUIREMENTS 


Operating  Frequency 

5.3  GHz 

Bandwidth 

52  MHz 

Polarization 

Dual  Linear 

Aperture  Illumination 

Uniforn  Amplitude 
and  Phase 

Elescnt  Spacing 

0.7  Wavelengths 

VSWR 

<1.3:1 

Loss 

<2  dB 

Cross'Polarization  Level 

<20  dB 

Cain  /Frequency  Response 

<0.5  dB 

Breadboard  Antenna: 

lu  durnuustratltlg  the  ptupused  SAR  uvUeept  the 
current  work  was  aimed  at  providing  a  limited 
breadboard  antenna,  consisting  of  a  16  x  16  planar 
array,  which  forms  a  representative  portion  of  a 
full  2ra  panel  satisfying  the  requirements  outlined 
in  Table  1.  The  breadboard  array  is  made  up  of  16 
identical  linear  microstrip  arrays,  each  with  16 
elements  in  azimuth,  and  is  implemented  in  RT 
DUROID  5870  with  a  substrate  thickness  of  .062 
inches. 
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Mlcrostrlp  Patch: 

The  mlcrostrlp  patch  offers  a  low  profile 
lightweight  option  In  the  choice  of  radiator  for 
many  array  applications.  As  shown  In  Figure  3,  the 
patches  consist  of  a  planar  conducting  geometry 
etched  onto  one  side  of  a  dielectric  substrate  and 
backed  by  a  ground  plane  on  the  other.  They  are 
usually  around  a  halfwavelength  In  size  and  radiate 
by  virtue  of  the  fringing  fields  at  the  edges.  In 
this  application  where  the  array  Is  required  to 
provide  Identical  performance  for  two  orthogonal 
polarizations  the  square  patch  Is  chosen  as  the 
radiating  element  for  the  SAR  antenna.  The  patch 
Is  fed  from  the  edge  at  the  point  of  highest 
Impedance  (-350  ohms)  and  may  be  represented  by  an 
equivalent  RLC  circuit  valid  near  resonance 
12). 

The  resonant  frequency  of  the  patch  varies  with  the 
patch  dimensions  and  may  be  calculated  within  an 
accuracy  of  a  few  percent  (3) (A) (5).  In  practice  a 
number  of  patch  samples  with  slightly  different 
dimensions  around  a  computed  value  were  fabricated. 
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FIGURE  3  MICROSTRIP  PATCH  RADIATOR 


Feed  Network: 

In  designing  the  single  layer  feed  network  the  main 
considerations  were  bandwidth,  feed  line  radiation 
and  layout  efficiency.  The  bandwidth  Is  determined 
by  design  parameters  such  as  substrate  thickness, 
and  dielectric  constant.  However  extraneous 
radiation  from  the  feed  lines  may  cause  some 
distortion  of  the  radiation  pattern  and  should  be 
minimized  by  Judicious  choice  of  the  above 
parameters  at  the  outset.  To  avoid  feed  line 
radiation  and  generation  of  surface  waves  high 
Impedance  lines  were  used  and  the  substrate 
thickness  was  kept  below  0.03A, .  Similarly  layout 
in  the  vertical  plane  was  a  major  constraint.  Due 
to  scanning  and  grating  lobe  considerations  the 
element  spacing  was  specified  as  0.7  wavelengths 
(40  mm)  resulting  in  a  50  element  elevation 
aperture.  Consequently  both  VP  and  HP  networks  for 
each  horizontal  subarray  were  confined  to  this  40 


mm  limit.  This  is  a  stringent  requirement  when  one 
considers  that  the  patch  size  Itself  accounts  for 
approximately  50X  of  the  available  space 
(-.5A„/e,). 

The  layout  chosen  to  satisfy  the  above  requirements 
was  that  of  the  ser. es  feed  shown  schematically  In 
Figure  4.  This  design  Is  a  linear  structure 
consisting  only  of  a  main  feed  line  from  which 
power  is  tapped  off  and  delivered  to  the  patches 
periodically.  The  series  feed  is  a  16  element 
resonant  array  fed  from  the  centre  to  give  Improved 
VSWR  bandwidth.  To  avoid  coupling  between  feed 
lines  a  minimum  edge  to  edge  separation  of  three 
ground  plane  spaclngs  was  maintained  throughout. 
As  can  be  seen  from  the  diagram  the  elements  are 
fed  from  points  which  are  Aj  apart  on  the  main  feed 
line  so  that  all  patches  are  fed  in  phase. 
Similarly  the  input  impedance  at  any  patch  Is  Z/16 
so  that  all  elements  have  equal  amplitude. 

In  the  HP  network  there  Is  a  180°  offset  at  the 
Input  In  order  to  compensate  the  space  phase 
reversal  which  exists  at  the  patches  on  the  left 
hand  side  of  the  array  compared  to  those  of  the 
right  hand  side. 
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FIGURE  4  SERIES  FEED  UYOUT 


The  series  feed  was  modelled  using  the  SUPERCOHPACT 
software  package  which  Is  commercially  available 
and  Is  used  as  an  Industry  standard  In  printed 
circuit  design.  A  circuit  model  was  constructed 
using  a  node  description  from  which  the  s- 
parameters  were  obtained.  This  model  was  analyzed 
using  a  number  of  equivalent  circuits  for 
mlcrostrlp  discontinuities  such  as  bends,  steps, 
and  tee  Junctions.  Since  the  array  design  is  a 
resonant  structure  good  electrical  performance  can 
only  be  achieved  by  accurate  characterization  of 
the  above  discontinuities.  Reactive  contributions 
in  such  discontinuities  may  limit  the  bandwidth  and 
cause  a  shift  in  the  resonant  frequency  if  not 
corrected.  Consequently,  a  number  of  test  samples 
were  made  to  verify  the  accuracy  of  the  equivalent 
circuits.  It  was  found  that  the  tee- junction  and 
step  models  were  very  accurate.  However,  In  the 
case  of  the  90°  bend  it  was  necessary  to  use  a 
measured  value  for  insertion  phase  In  the  design  of 
the  feed.  Having  constructed  the  computer  model 
the  performance  of  the  entire  array  was  readily 
assessed.  Figure  5  and  Figure  6  show  the  predicted 
VSWR  and  mid  band  far  field  pattern  predictions  for 
the  16  element  series  feed  array. 

A  prototype  16  element  dual  polarized  linear  array 
was  fabricated  and  found  to  meet  the  requirements 
outlined  In  Table  1.  Typical  measured  radiation 
patterns  are  shown  In  Figure  7  and  Figure  8,  As 
can  be  seen  from  the  plot  of  Figure  7  the  azimuth 
pattern  Is  a  narrow  pencil  beam  with  a  4.3  deg  half 
power  beamwldth  as  expected  for  a  16  element  array, 
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FIGURE  S  PREDICTED  VSWR  PERFORMANCE 
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FIGURE  6  PREDICTED  FAR  FIELD  RADIATION  PATTERN 

The  pactecn  follows  a  sin  x/x  profile  which  agrees 
well  with  theory  and  the  nulls  are  sharp  Indicating 
that  the  required  cqui-phase  distribution  across 
the  array  has  been  achieved.  The  elevation  pattern 
of  Figure  8,  on  the  other  hand,  provides  broad  beam 
coverage  and  is  almost  identical  to  the  pattern  of 
a  single  microstrip  patch  as  expected. 


Conclusion 

Future  SAR  systems  will  be  significantly  more 
sophisticated  and  flexible  in  their  operations 
calling  for  electrically  scanned  antennas.  An 
active  array  architecture  implemented  in  microstrip 
offers  a  low  profile  light  weight  solution  for 
advanced  SAR  systems. 

In  particular  a  dual  polarized  array  with  a  square 
raicrostrip  patch  as  radiating  clement  has  been 
designed  ro  meet  ri^ese  needs  Jn  designing  the 
array  the  reactive  components  of  microstrip 
discontinuities  must  be  compensated  to  ensure  good 
performance. 

A  prototype  sixteen  element  array  has  been 
fabricated  satisfying  the  anticipated  requirements 
of  an  Advanced  SAR  system.  Thus  microstrip  has 
been  demonstrated  to  be  a  suitable  technology  for 
future  SAR  arrays. 


FIGURE  8  MEASURED  ELEVATION  PATTERN 
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Abstract 

A  generalized  analytical  method  for  the 
evaluation  of  mutual  coupling  in  microstrip 
array  antenna  is  proposed  in  order  to  study 
the  effect  of  mutual  coupling  on  the  radiat¬ 
ion  and  scanning  characteristics  of  the  syst¬ 
em.  Based  on  cavity  model  the  microstrip 
antennas  are  analysed  using  the  dyadic  Green % 
function  to  obtain  the  far  field  radiation. 

It  is  found  that  because  of  mutual  coupling 
effects,  the  input  impedance  of  a  radiating 
antenna  in  an  array  is  different  from  its 
impedance  value  when  it  is  isolated,  and  this 
difference  varies  with  the  angle  of  scan  of 
the  array.  Also  it  is  found  that  the  mutual 
coupling  between  the  two  patch  elements 
decreases  with  increasing  spacing  between 
them. 

I.  Introduction 

Microstrip  antennas  are  ideally  suited 
for  arrays.  Also  the  various  characteristics 
such  as  hi^  gain,  beam  scanning  or  steering 
capability  are  possible  ohly  when  discrete 
radiators  are  combined  to  form  arrays 
(Derneryd,  1976).  In  microstrip  array  antenna 
since  the  elements  are  close  to  each  other, 
there  is  a  mutual  coupling  between  them.  In 
practice  the  mutual  coupling  between  the 
radiators  alters  the  array  performance  signi¬ 
ficantly  (Jadlicka,  Poe  and  Carver,  1981).  It 
becomes  more  important  in  case  of  electroni¬ 
cally  scanned  array  antennas. 

In  the  present  endeavour  therefore,  an 
attempt  has  been  made  to  investigate  the 
mutual  coupling  between  rectangular  elements 
of  microstrip  array  antenna.  Effect  of  mutual 
coupling  on  the  radiation  and  scanning 
characteristics  are  also  studied. 

The  mutual  coupling  between  a  pair  of 
antenna(Fig,i;  is  studied  in  terras  of  the 
mutual  impedances.  The  elements  of  the  array 
are  excited  by  microstrip  or  coaxial  line 
(Bahl  and  Bhartia,  1982),  Based  on  cavity 
model  1^e  microstrip  antennas  are  analysed 
using  the  dyadic  Green's  function  to  obtain 
the  far  field  radiation.  An  equation  is 
developed  for  evaluating  the  mutual  Impedance. 
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Figure  1  Configuration  for  coupling  calculat¬ 
ion  between  elements  of  arra^ 
antenna . 


From  the  E  and  H-Plane  pattern  it  .is  observed 
that  the  coupling  increases  the  radiated 
power  level  and  improves  the  directivity  and 
beam  width, 

II,  Theoretical  Considerations 


The  mutual  impedance  between  a  pair  of 
antennas  is  defined  as  the  ratio  of  the 
voltage  induced  at  the  terminals  at  one 
antenna-  Say  a  (by  the  current  in  the  other 
antenna),  to  the  input  current  in  the  second 
antenna,  Say  b  (Kraus,  198A) 


where 

V^2“'^ocb  open-circuit  voltage  at  the 

terminals  of  antenna  a  which  is  induced  by 
the  field  generated  by  antenna  b. 

We  consider  that  the  far  field  at  point  fT 


2279 


is  due  to  a  harmonically  oscillating  current 
in  free  space  that  is  given  by  (Tai,1971) 


Era?)-  Jwj  1+  ^vvj  I  (IT)  . (2) 

where 

KIT)-  Go(IT/IT9  7  (R')dv  . (3) 

V 


with 

Go(R/^')- 


gjk/R^'/ 

it  n/R-^W 


(4) 


Tlie  function  Go(^/!T')  is  called  the  free 
space  Green's  function,  where  K'  denotes  the 
position  vector  of  a  source  point  and  R  deno¬ 
tes  the  position  vector  of  a  field  point  or 
that  of  an  observer. 


The  field  given  in  equation  (2)  depends 
upon  the  distribution  of  the  source  current 
which  is  considerei  to  be  an  infinitesimal 
source  located  at  R'  with  a  current  moment 
equal  to  l/JW/i,  in  the  X-direction  which  is 
given  by 


(5) 


Now  V  .  will  be  obtained  in  terms  of 
transmitting  parameters.  The  use  will  be  made 
of  the  Reciprocity  theorems. 


If  the  transmitting  antenna  b  is  a  point 
dipole  then  the  reciprocity  theorem  gives 

V-  5®b  dv-5E^(R).J^(R)  dv- 

EgCR)  P  . (6) 

A 

Where  P  is  the  unit  vector  in  the  direct¬ 
ion  of  the  transmitting  point  dipole  b. 

Equation  (6)  is  very  difficult  to  svaluate 
because  it  depends  on  the  total  field  Sj^(r) 
which  results  when  the  incident  field  inter¬ 
acts  with  metal  and  dielectric  structure  of 
the  antenna.  To  determine  this  field,  it  is 
necessary  to  solve  a  complex  scattering 
problem. 

An  alternative  f^rra  is  obtained  by  consi¬ 
dering  that  when  Jo(N)  is  connected  to  the 
antenna  terminals,  currents  flow  on  the  ante¬ 
nna  structure.  We  can  regard  these  later 
currents  as  induced  currents  and_refer  to  than 
as  J.(R).  The  sou£ce_current  Ja(R)  and  the 
antenna  currents  J. (r)  form  some  current 
distribution  in  space.  Therefore  equation (6) 
can  be  rewritten  as 

jE»j(R);(Jg(R)^JH,(R)  )  dv  . (7) 

If  the  current  at  the  terminals  is  I. 
instead  of  unity,  then  the  open  circuit 
voltage  is 

Voc-  Tin^Ein^CR).  Jt(R)  dv  . (8) 

Where  E<n-(R)  is  the  field  incideni  (in 
the  absence^or  the  antenna  structure ),J+(R)is 
the  current  distribution  of  the  antenna^when 


it  is  acting  as  a  transmitter,  and 
input  current  associated  with  the 
ing  current  distribution. 


I._  is  the 
transmitt- 


Hence,  the  mutual  Impedance  between  a 
pair  of  antenna  is  given  by  the  formula. 


-"12-  jtl(R)dv  ...(9) 


where 


finc,2(f>-Einc,l(R)<Z^2/Z22>  . 

E.  o^^)  is  the  field  generated  by  antenna 
2  at" We  position  of  aqienna  l(but  in  the 
absence  of  antenna  l),  J+i(R)  is  the  trans¬ 
mitting  current  distribution  on  the  first 
antenna(with  the  second  antenna  structure 
present  but  not  operating),  and  1.  •,  and 

li  2  ihe  input  currents  to  trie 'antennas. 


Using  the  cavity  model  (Derneryd,1 979  )with 
radiating  edges  extended  slightly  to  account 
for  the  fringing  field,  the  field  in  the 
cavity  of  a  rectangular  microstrip  antenna 
must  be  of  the  form 


^^s  |2  X  Cos  (Y-b) 
vdiere  _  _ 

V  K-  W  /MCd  , 

.  34wu  sin^  (d-c)Cos  S?  (d+c) 
and 

ni»  •  •  •  • 


.(11 ) 

(12) 

(13) 

(14) 


When  only  one  element  of  an  array  is 
excited  its  field  induces  currents  in  other 
unexcited  elements  hence  they  radiate  fields. 
Therefore, with  the  help  of  equation (2), (9 )and 
(11)  the  radiation  field  of  first  antenna 
when  second  is  present  but  not  excited(Fig.2) 
can  be  written  as  :  V2 


where^ 

T-  iSd  Cos  T  +  d 

A 


Similarly,  field  when  only  second  antenna  is 
excited  with  first  is  present,  is  gj^ven  by 

^21  “^2  {  ((Zi2/Z.i)+Cos  ’l')^+Sin^>i'  }*/ 

tan~^  -  - -  .....(16) 

if  both  the  antennas  are  excited (Fig. 3)  then 
the  resultant  field  will  be  1/2 

Eo-f  (E.p+Ep.CosT)^+(E„.Sin'i')^  1/ 

^  _i  EoiSinT  ) 

‘  E.,2+K2iCosf  . 

where  Z22  denote  the  self -impedances. 


To  simplify  the  integral  of  equation(9), 
following  assumptions  have  been  made 


a)  Current  flowing  on  the  outer  surface  of 
the  antenna  is  negligible. 

b)  Variation  of  field  in  (/  direction  on  edge 
of  microstrip  antenna  is  negligible. This 
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F igui’e  2  E-plane  radiation  pattern  when  only  Figure  5  ^-plane  radiation  oattern  w;ien  both 
first  element  excited.  elements  are  excit^. 


is  true  because  width  of  element  is  usually 
very  small. 

Then  equation  (9)  reduces  to 

-^2=  .2,3.4  V^)dl..;(l8) 

Which  is  a  line  integral  to  be  done  on  the 
whole  boundary  of  the  surface  with  h  as  the 
substrate  thickness.  Integration  performed 
separately  for  all  four  boundary  walls  i.e. 

h  4 - 4  - ^ 

f  Einc,2(«^-jt1  . (19) 

In  this  expression  function  to  be  inte¬ 
grated  is  function  of  r.Q.X  and  Z.  However 
two  variables  are  sufficient  to  define  the 
function.  Hence  X  and  Z  are  found  in  terms 
of  r  and  Q. 

Because  of  the  complexity  of  the  function, 
numerical  integration  is  used  and  Trapezoidal 
rule  for  numerical  integration  is  applied. 

The  final  expression  for  Z. «  for  m  =  0 
is  given  by  ' 

@«tan”1 


@«tan”  — 

e=tan"l  .y?. 

S-W/2 

(|"(S+j)tan  e)-L|(S- j)Sece  )de  + 


©Btan"" 

S+W/2  V.  , 

j  exp(-Jko(S+A  -  w  Cot(-e) 

j  ( - CTggo's^’C-g) - 

(L-L)|  I  Cosec  (-9)  )  de  + 

R  4.0  ..-1  W2 

S+WT? 

^  ^  exp(-Jke(S+  ^)sece  ^  J  ^ 

J  (  i8+W/2;sece  •  (lls' 

e=tan-1  ±IL 

S+W/2 

(^-(S-.^)  tane-L)|  (S+^)Sece)  de  + 

6=tan-1J:^ 

.  S-«/2 

\  ^  exp(-Jke(|  Cosece))  ^  ^ 

J  (  - r/2~Cosec  5 -  •  (”s^ 

e=tan-1 

S+W/2 

^w^^  Cos(-L)|  ^  Cosec  9)  de  . (20) 

where 

Yi  2h(J2VoWko)^ J.  J(d-c)  /H/ 

(W-Sin  koL /^)  . (21) 
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Figure  4  /Z^o/  values  for  rectangular  patch 
of  size  5  cm. (radiating  edge)x6  cm, 
at  frequency  1 ,6  GHz. 


Sin(^^ine).  Sln(^^osG 
^  Sine  KoK  CosG 
(K,  |)  Cos 


Sine  CosS 


(22) 


III .Discussion  of  Results 

Using  equation  (15), (16)  and  (1?)  both 
E-plane  and  H-plane  radiation  patterns  were 
calculated  when  both  antennas  were  excited, 
antenna  1  is  excited  with  the  presence  of 
antenna  II,  and  antenna  II  is  excited  with 
antenna  I  is  present.  The  perusal  of  the 
E-plane  patterns  (Fig. 2-3),  indicate  that  the 
presence  of  unexcited  element  in  the  proximily  . 
of  the  excited  element  causes  considerable 
coupling  between  them  which  increases  the 
relative  radiated  power  by  1  dB  as  compared 
to  the  case  when  there  is  no  coupling.  The 
resultant  radiation  beam  is  found  to  be  til¬ 
ted  toward  the  parasitic  element.  Therefore, 
coupling  increases  the  radiated  power  and 
improves  the  beam  width.  Similar  results 
were  also  obtained  for  H-plane  patterns.  For 
the  case  when  both  antenna  elements  are 
excited,  coupling  is  observed  to  improve  the 
radiation  level  by  2.5dB.  The  coupling  thus, 
increases  the  radiated  power  level  and  improv¬ 
es  the  directivity  and  beam  width.  Also  it  is 
found  that  the  mutual  coupling  does  have  the 
effects  on  the  input  impedance  of  the  element 
and  the  radiation  pattern  of  an  element  in 
the  array.  Because  of  mutual  coupling  effects, 
the  input  impedance  of  a  radiating  antenna  in 
the  array  is  different  from  its  impedance 
value  when  it  is  isolated,  and  this  differ¬ 
ence  varies  with  the  angle  of  scan  of  the 
array.  However  the  edge  effects  were  ignored 
at  this  stage. 


Equation  (20)  is  developed  for  evaluating 
the  mutual  impedance.  The  equation  developed 
for  2.9  is  quite  complex  and  involves  four 
integrals.  The  calculations  for  the  mutual 
coupling  between  the  antenna  elements  of  typi¬ 
cal  dimensions(5  cm  x  6  cm)  on  alumina 
substrate  reveal  that  the  mutual  coupling 
between  the  two  patch  elements  decreases  with 
increasing  spacing  between  then.  This  is  in 
accordance  with  the  fact  that  increasing 
spacing  between  the  elements  reduces  the 
inter-element  interaction  resulting  in  weak 
coupling.  The  calculated  values  (Fig.4)  of 
Z,p  are  similar  to  the  experimental  data  as 
reported  by  Carver.  There  is  a  very  small 
deviations  in  for  higher  spacing  between 
the  elements.  This,  therefore,  varifies  the 
validity  of  the  developed  method  for  mutual 
coupling  in  case  of  rectangular  patches. 
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Abstract 

The  system  design  of  a  spaceborne  SAR  at 
higher 'look  angle  calls  for  a  trade-off  among 
antenna  complexity,  wider  swath  and  the 
required  range  ambiguity  ratio  (RAR).The 
requirement  of  minimum  acceptable  RAR  even  for 
a  nominal  swath  may  necessitate  larger  antenna 
width,  complex  weighting  and  highly 
asymmetrical  antenna  elevation  pattern.  The 
SCANSAR  concept  for  wider  swath  leads  to  a 
trade-off  against  the  azimuth  resolution  and 
system  complexity.  The  scheme  proposed,  known 
as  alternate  transmitted  chirp  slope  reversal 
(ATCSR)  method,  is  capable  enough  to  suppress 
the  range  ambiguity  and  reduce  the  antenna 
complexity  consequently,  without  increasing 
the  system  complexity.  A  case  study  of  a 
conceptual  C-band  SAR  at  ~  50*5  incidence 
angle  for  a  swath  of  '  150  kms.,  conducted 
utilising  ATCSR  method  for  uniform  antenna 
elevation  pattern,  is  presented  in  the  paper. 

Key  words:  Spaceborne  SAR,  Range  ambiguity 
suppression.  Higher  incidence  angle.  Wider 
swath,  Chirp  slope  reversal  technique  . 

1 .  Introduction 

The  poten'^iality  of  the  spaceborne  SAR  for 
monitoring  the  earth  and  its  resources  has 
created  intensive  interest  among  the  user 
community.  The  various  earth  observation 
applications  require  wider  swath  for  repeated 
coverage  to  monitor  various  time  varying 
surface  phenomena.  Further,  applications  like 
crop  monitoring  and  assessment,  and  various 
geological  applications  demand  higher 
incidence  angle  operation  along  with  the  wider 
swath  capability.  The  SAR  launched  on-board 
SEASAT-1  during  1978,  and  the  SARs  proposed 
on-board  ERS-1  and  JERS-1,  are  all  designed  to 
operate  at  lower  incidence  angle  foi  a  nominal 
swath.  The  shuttle  imaging  radar  series  (SIR- 
A,SIR-B  and  SIR-C)  and  the  Canadian  satellite 
RADARSAT  have  the  capability  to  operate  at 
higher  angles  but  the  swath  mapped  is  very 
limited.  Both  the  wider  swath  and  higher 
incidence  angle  operation  requirements,  are 
severely  constrained  by  range  ambiguity 
limitations  [1].A  number  of  schemes  have  been 
suggested  to  suppress  the  range  ambiguity  and 


improve  upon  the  obtainable  swath  .  One  of 
these  is  to  design  the  antenna  elevation 
pattern  with  the  a-priori  knowledge  of  the 
ambiguous  return  power  which  in  turn  is  a 
function  of  the  SAR  elevation  geometry  and 
target  reflectivity  [2],  This  technique 
results  generally  in  a  highly  asymmetric 
pattern  and  requires  a  complex  weighting.  A 
pulse  coding  scheme  to  suppress  the  ambiguity, 
and  subsequently  improve  upon  the  swath,  has 
been  suggested  as  another  possibility  [3],  A 
vertically  scanned  beam  synthetic  aperture 
radar  system  (SCANSAR)  has  been  further 
suggested  as  an  alternative  and  is  presently 
being  proposed  for  RADARSAT  campaign[l] . Here, 
the  potential  length  of  the  synthetic  aperture 
is  shared  between  beam  positions  making  the 
azimuth  resolution  poorer  by  a  proportionate 
amount.  Hence,  the  wider  swath  is  achieved  as 
a  trade-off  against  the  azimuth  resolution  and 
increased  system  complexity  . 

In  this  paper  ,  an  alternative  to  the  above 
schemes  is  presented  and  is  termed  as 
alternate  transmitted  chirp  slope  reversal 
method  (ATCSR).  By  this  technique,  significant 
reduction  in  ambiguity  is  achieved  at  the 
expense  of  minor  modifications  in  the 
conventional  SAR  approach.  This  scheme  can  be 
effectively  utilized  to  obtain  wider  swaths 
even  at  higher  incidence  angle  with  the  least 
complex  uniform  antenna  pattern  . 

2.  System  Design  Constraints 

The  concept  and  design  philosophy  of 
spaceborne  SAR  is  well  documented  and  hence, 
is  excluded  in  the  discussion.  As  has  been 
mentioned  ,the  present  paper  will  discuss  the 
impact,  design  complexity  and  subsequent 
solution  through  the  ATCSR  method,  for  a 
spaceborne  SAR  having  the  capability  to  map  a 
swath  of  ~150  kms.  around  an  incidence  atigle 
of  50°.  The  baseline  system  parameters 
required  for  the  conceptual  spaceborne  SAR 
system  are  listed  in  table-1. 

As  antenna's  mass  and  volume  are  very 
critical  for  any  spaceborne  campaign,  it  has 
been  attempted  to  keep  the  area  of  the  antenna 
around  10  m2  for  the  analysis  of  the  proposed 
C-band  SAR. 

As  the  average  power  requirement  at  higher 
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TABLE- 1 


Spacecraft  altitude  800  kms 

Operating  frequency  5.3  Ghz  (C-band) 

Incidence  angle  "50° 

Range  resolution  36  m. 

Azimuth  resolution  36  m. 

Radiometric  resolution  3  dB 

Swath  "150  kms 

Antenna  area  "10  m^ 

Back  scattering  coeff.  -22  dB 

Range  ambiguity  ratio  <  -20  dB 
Azimuth  ambiguity  ratio  <  -20  dB 

Incidence  angle  increases  due  to  increase  in 
slant  range  and  decrease  in  the  value  of  noise 
equivalent  backscattering  coefficient,  the 
average  power  requirement  of  the  system  is 
going  to  increase  significantly. This,  for  the 
proposed  antenna  area,  is  going  to  increase 
the  average  power  requirement  of  the  tube. For 
the  present  system,  the  availability  of  a  C- 
band  tube  with  an  average  power  of  600  watts, 
has  been  presumed. 

The  dependence  of  radiometric  resolution 
{  V  ),_ image  SNR  and  no.  of  Independent  looks 
(  N  )  can  be  expressed  as 

N  ^  [(l+l/snr)/(100-l^  -1)]2 

Assuming  a  worst  SNR  of  zero  dB  as 
acceptable  for  image,  the  above  inequality 
constraints  the  maximum  antenna  length  to  18m. 
for  an  azimuth  resolution  of  36  m.  This 
corresponds  '  to  a  minimum  requirement  of  four 
independent  looks  in  azimuth. 

The  wider  swath  requirement  is 
significantly  going  to  reduce  the  operating 
PRF.  However,  the  data  sampling  window 
increases  beyond  proportion.  Nonetheless,  the 
smaller  system  bandwidth  corresponding  to  the 
required  range  resolution,  makes  the  data  rate 
within  manageable  limits  and  will  not  pose  any 
problem  . 

The  PRF  has  to  be  selected  so  that  it 


overall  contribution  due  to  odd  numbered 
pulses  and  oven  ambiguity  denote  the 
contribution  due  to  the  even  numbered 

-K  .  +  K  -K  fK  -K  ♦K  -K 

-1-2-1  01  21 
FIG.  1 

SEQUENCE  OF  LFM  PULSE  TRAIN 

pulses.  Fig.  2  shows  the  variation  of 
percentage  contribution  due  to  odd  ambiguity 
for  an  incidence  angle  of  50.8*^.  A  PRF  of 
1075  hz.  and  an  antenna  width  of  0.63m  with 
uniform  illumination  pattern  have  been 
considered  for  the  analysis. 
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FIC.  2 

VARIATION  OF  000  AMBIGUITY  ALONG  THE  SWATH 

The  analysis  shows  that  towards  the  either 
ends  of  the  swath,  the  odd  ambiguity 
contribution  is  more  than  90  %  .Generally,  RAR 
deteriorates  significantly  towards  the  end  of 
the  swath.  Hence,  if  these  odd  ambiguities  can 
somehow  be  suppressed,  RAR  can  be 
significantly  improved. 


sufficiently  oversamples  the  maximum  doppler 
bandwidth  and  hence,  satisfies  the  worst  AAR 
requirement  . 

The  main  problem  in  the  realization  of 
larger  swath  at  higher .angles  is  the  large 
value  of  range  ambiguity.  Various  methods  with 
their  limitations  and  inherent  complexities, 
as  mentioned,  in  section  1,  have  been  suggested 
to  overcome  this.  The  present  paper  envisages 
the  ATCSR  method  for  the  range  ambiguity 
suppression  and  is  discussed .below. 

3.  Range  Ambiguity  Suppression 

The  ambiguity  caused  by  the  time  overlap 
of  the  returns  due  to  different  transmit 
pulses,  is  termed  as  range  ambiguity  and  has 
been  discussed  much  in  detail  [4, 5, 6, 7],  The 
range  ambiguity  ratio  (RAR)  is  defined  as  the 
ratio  of  the  sum  of  the  ambiguous  echo  returns 
to  the  unambiguous  signal  and  is  depenclen^  on 
the  swath,  PRF  and  most  critically  on  the 
antenna  elevation  pattern.  Referring  to 
fig.l,  the  unambiguous  signal  is  represented 
by  the  return  from  the  O'^-h  pulse,  whereas  the 
overall  return  from  the  remaining  pulses 
constitute  the  range  ambiguity.  A  significant 
contribution  to  the  ambiguity  comes  from  the 
immediate  adjacent  pulses  (marked  +1  &  -1  in 
fig.i).  Let  the  odd  ambiguity  denote  the 


3 . 1  Alternate  Trsuismitted  Chirp  Slope 
Reversal  (ATCSR)  Method 

In  case  of  conventional  SAR  ,  when  LFM 
pulses  are  transmitted  and  the  received  echo 
is  range  compressed,  both  the  signal  of 
concern  and  the  associated  ambiguities  are 
similarly  compressed.  The  ambiguity, hence,  is 
not  affected  by  the  range  compression.  If  the 
characteristic  of  some  or  all  of  the  pulses 
causing  the  ambiguities  are  changed  from  that 
of  the  transmitted  pulse,  the  ambiguous  power 
will  be  mismatched  during  the  range 
compression.  As  stated  earlier,  the  odd 
ambiguity  contributes  significantly  to  the 
overall  ambiguity  of  the  system.  If  the  chirp 
slope  of  all  the  odd  transmitted  pulses  are 
made  equal  and  opposite  to  the  even 
transmitted  pulses,  including  the  0^1^  pulse, 
^he  Ouu  ambo-^uity  will  be  suppressed  during 
the  range  compression  and  hence,  will  result 
in  significant  improvement  in  RAR.  ’+K’  and 
’ -K’ , inscribed  above  the  pulses  shown  in  fig  1 
, denote  the  slope  of  the  chirp  modulation. 

This  scheme  has  been  proposed  to  suppress 
the  range  ambiguity  and  has  been  utilised  to 
finalise  the  antenna  configuration  alongwith 
the  evaluation  of  other  relevant  system 
parameters,  and  are  discussed  in  next  section. 
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4.  System  Design  Analysis 

Based  on  discussions  carried  out  in  the 
previous  section,  a  software  was  developed  to 
evaluate  the  various  parameters  relevant  to 
the  RAR  analysis  for  the  conventional  and 
suggested  ambiguity  suppression  technique. 

In  section  2.,  it  was  observed  that  the 
maximum  antenna  length  was  constrained  by  the 
asimuth  and  radiometric  resolution 
requirements.  Though  the  theoretically 
derived  maximum  antenna  length  is  18m. ,  in 
practice,  it  needs  to  be  further  reduced  to 
get  four  number  of  independent  subapertures. 
The  RAR  optimization  study  for  maximum  swath 
around  an  incidence  angle  of  BO. 8°,  leads  to 
an  antenna  length  of  16  m  and  width  of  0.63  m 

Fig  3  shows  the  variation  of  RAR  with 
ground  distance  from  the  sub-satellite 


FIG  3 

VARIATION  OF  RAR  ALONG  THE  SWATH 


track.  In  order  to  demonstrate  the 

corresponding  improvement  due  to  the  modified 
approach  over  the  conventional  one,  both  the 
curves,  RAR(init.)  for  conventional  and 

RAR(mod. )  for  modified  approach  are  plotted. 
The  variation  of  image  SNR  with  ground 
distance  is  plotted  in  Fig  4.  It  is  observed 
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FIG.  A 

VARIATION  OF  SNR  ALONG  THE  SWATH 

that  a  swath  of  145  kras.,  from  a  ground 
distance  of  737  kms.  to  882  kms.,  satisfies 
the  SNR  criteria.  However,  RAR  wise  the 
conventional  analysis  gives  the  worst  RAR  of 
-7,4  dB.  The  odd  ambiguity  variation  for  this 
configuration  was  shown  in  fig  2  (presented 
earlier).  This  figure  shows  that  wherever, 
especially  at  the  ends  of  the  swath,  the 
contribution  due  to  the  odd  ambiguity 


significantly  rises,  the  RAR  becomes  poor.  The 
modified  approach  suppresses  the  odd  ambiguity 
and  makes  it  possible  to  obtain  a  swath  of 
145  kms.  As  higher  PRF  deteriorates  RAR  ,  a 
PRF  of  1075  hz  has  been  considered  for  the 
present  analysis.  The  final  swath  geometry  is 
shown  in  fig  5.  The  swath  corresponds  to  a 
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data  window  of  ~767  us.  The  worst  range 
resolution  requirement  of  36  m.  gives  rise  to 
a  compressed  pulse  width  of  158  ns  and  a 
signal  bandwidth  of  "6.4  MHz.  If  a  20  %  margin 
for  reducing  the  aliasing  is  considered,  a 
sampling  frequency  of  7.6  MHz.  is  obtained. 
For  a  sample  represented  by  6 I +66  bits 
(similar  to  ERS-1  SAR),  the  data  rate  in  case 
of  OBRC  (on  board  range  compression)  mode 
comes  out  to  be  83  Mbits/sec  (considering  a  10 
%  margin).  The  results  of  these  analysis  are 
summarized  in  table-2. 


TABLE  -2 


Altitude 

800  kms. 

Operating  frequency 

5.3  GHz. 

Incidence  angle 

50.8° 

Range  Resolution 

36  m. 

Azimuth  Resolution 

36  m. 

Swath 

145  kms. 

Antenna  length 

16  m. 

Antenna  width 

0.63  m. 

Antenna  peak  gain 

43.76  dB 

Backscattering  coeff. 

-22  dB 

Range  Ambiguity  Ratio 

-20  dB  (worst) 

Azimuth  Ambiguity  Ratio 

-21  dB  (worst) 

Pulse  Repetition  Freq. 

1075  hz. 

Average  Power 

600  watts 

Compressed  Pulsewidth 

158  ns 

Signal  bandwidth 

6.4  Mhz. 

Sampling  freq. 

7.6  Mhz. 

Data  Rate 

"83  Mbits/sec. 

Quantizing  bits  (OBRC  mode) 

61  +  6Q 

5.  Design  Implications 

The  realization  of  the  ATCSR  method  will 
require  some  minor  modifications  to  be 
introduced  at  the  transmitter  and  signal 
processor  level.  As  the  transmitted  signal 
bandwidth  remains  the  same,  the  receiver  chain 
is  totally  unaffected.  The  transmitter  section 
needs  to  be  modified  to  facilitate  the 
modulation  of  the  transmitted  pulses  with  up 
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and  down  chirps  alternately  .  Minor 
modifications  are  necessary  at  the  signal 
processor  level  to  compress  the  return  pulses 
with  the  required  chirp  slope. 

6.  Conclusion 

A  conceptual  spaceborne  SAR  design  having 
a  capability  of  mapping  a  wide  swath  ("145 
kms)  around  50*^  incidence  angle  has  been 
proposed.  Satisfactory  RAR  level  is  obtained 
using  ATCSR  method  which  obviates  the  need 
for  a  complex  antenna  elevation  pattern  or 
to  resort  to  other  range  ambiguity  supression 
schemes  with  their  inherent  complexities  and 
limitations.  The  average  power  and  the  data 
rate  requirement  are  within  the  present 
state  of  the  art. 
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lUSS  APPLIED  TO  WIND  PROFILER  RADARS 

Pelei  T.  Mny,  Riciuiicl  G.  Sirauch®,  ai>cl  Kennelli  P.  Moran^ 


Abtract 

Radio  Acoustic  Sounding  (PASS)  iias  been  ap- 
piied  wilii  wind  profiier  radars.  Temperature  profiies 
iiave  been  obtained  up  to  severai  kiiometers  in  aiti- 
tude  witii  RNiS  diflerences  between  tiie  RASS  meas¬ 
urements  and  convenlionai  radiosonde  observations 
of  i^C  iiave  been  obtained.  Tiie  teciinique  .siiows 
great  promise  for  a  number  of  meteoroiogical  appii- 
cations. 

I.  Introduction 

Radio  Acou.stic  Sounding  Systems  (RASS)  are 
a  combination  of  acoustic  excitation  and  radar  de¬ 
tection  tiiai  measures  proliies  of  tiie  .speed  of  sound. 
Our  experiments  combine  iiigii-power  acoustic 
sources  witii  wind  profiiing  radars,  wiiicii  are  sensi¬ 
tive  enougii  to  measure  backscatter  Irom  tiie  ciear 
air  in  tiie  free  tropospiiere  in  a  continuous  manner. 
RASS  iias  been  used  to  obtain  temperaitire  proliies, 
primarily  in  tiie  boundary  layer,  since  tiie  early 
1970’s  (e.g.  Mar.sliall  et  al.,  1972),  but  concerns 
over  limited  lieiglit  coverage  and  tiie  aliilily  to  oper¬ 
ate  only  in  low  wind  conditions  Iiave  prevented  wide 
acceptance  of  tiie  leclink|ue.  However,  recent  ex¬ 
periments  witii  wind  profiling  radars  Iiave  sliown  sig- 
nilicantly  greater  lieiglit  coverage  and  less  depend¬ 
ence  on  wind  titan  was  found  in  early  RASS  experi¬ 
ments  (Matuura  et  al.,  I98(i;  May  et  al.,  1988). 

RASS  makes  use  of  tiie  resonant  backscatter 
tliat  occurs  wli'en  llie  acou.stic  wiivelengtli  is  liaif  tite 
radar  wavelengtii  (Bragg  matclied)  and  tiie  focusing 
of  tiie  back.scattered  radiation  onto  a  diffraction-lim¬ 
ited  spot  by  tiie  splierical  acoustic  wavefronts.  'I'liis 
latter  condition  is  not  required  witii  wind  jnoliler  ra¬ 
dars  because  .sopliislicated  signal  processing  allows 
tiie  detection  of  very  weak  signals  (witii  signal-to- 
noi.se  ratios  as  low  as  -35  dB  into  the  receiver  (May 
and  Straucli,  1989))  and  turbulence  acts  to  defocus 
tiie  spot.  Tlius  Doppler  velocity  estimates  can  lie 
made  at  lieiglits  wliere  tiie  radar  does  not  observe 


tile  focussed  spot.  Tliis  allows  tiie  detection  of  tiie 
speed  of  .sound  Ca,  wliicli  is  related  to  tiie  virtual 
temperature  Ty,  to  a  good  approximation,  by 
Tv  =  (ca/20.047)^  K .  Vertical  winds  add  to  tiie 
measured  Ca  and  tints  can  produce  errors  under 
strong  vertical  wind  conditions  sucli  as  downslope 
wind  .storms  (Klemp  and  Liily,  1975)  or  convection. 

Wind  profilers  are  pulsed  Doppler  radars  de¬ 
signed  to  observe  the  backscatter  from  the  ciear  air 
on  a  continuous  basis  in  the  troposphere.  The  WPL 
prolilers  (Table  1)  used  in  this  study  use  frequencies 


Table  1.  Cliaracteri.stics  of  RASS/wind  profiler 
.syiitenis  operating  at  three  radar  frequencies 


Site 

Cliarar  ristic 

Platteville 

Erie 

Denver 

Radar 


Frequency  (Mli/.)  49.8 

404.37 

915 

Wavelength  (m)  6.1) 

0.7414 

0.3 

Antenna  .sir.e  (m^)  10,000 

25 

100 

Beamwidtb  ( 1  way)  3 

7.8 

2 

(degree, s) 

Range  resolution  300 

150 

150 

(til) 

Mean  power  (W)  200 

30 

100 

Sampling  time  1 

1 

1 

(1  profile) 

(min) 

Acoustic 

Frequency  (H/,)  —  1  10 

-  900 

-2000 

Beamwidtb  (1  wav)— 60'* 

-  17° 

-8° 

Acou.stic  power  (W)  50 

5 

50 

RASS  Aititude  Coverage 

Min.  aititude  (km)  2.0 

0.4 

0.2 

Max.  altitude  (km)  4-1 1 

1.5-2. 5 

1-2 

'  Cooperative  Institute  for  Environmental  Sciences  (CIRES),  Universitiy  of  Colorado/NOAA,  Boulder,  Colo:, 
U.S.A. 

2  Wave  Propagation  Laboratory,  ERL,  NOAA,  Boulder,  Colo.,  U.S.A. 


2286 


of  49.8.  404.37,  and  915  Mil/,  (Slrauch  el  al., 
1984).  Note  lluit  llie  404.37  MH/,  syslein  used  lieie 
i.s  a  low  power  radar  and  lhal  ihe  new  profilers  for 
ihe  NOAA  network  will  be  ahoiil  26  dB  more  .sensi¬ 
tive.  RASS  is  incorporated  into  the  current  wind 
prolilers  by  introducing  a  frequency  offset  into  the 
receivers  corresponding  to  ab{)Ul  300  m  s"' ,  v\'hite  all 
the  remaining  signal  pr()cessing  lor  clear  air  observa¬ 
tions  remains  unchanged.  The  Nyquisl  frequency 
corresponds  to  a  velocity  of  about  50  m  s"’ ,  so  that 
an  intervjil  of  300  i  50  m  s''  is  sampled.  A  fre¬ 
quency  modulated  C\V  acou.slic  source  is  used  .such 
llial  .somewhere  within  each  pul.se  volume  tlie  acou.s¬ 
lic  wave  is  Bragg  matclied  during  llie  data  acquisi¬ 
tion.  The  acoustic  power  is  about  50  W. 


2.  Factors  affecting  range  coverage 

Tliere  are  iliree  main  factors  affecting  the 
heiglil  coverage.  They  are  (1)  wind  displacing  the 
acou.slic  waves,  (2)  acou.slic  absorption  in  the  air, 
and  (3)  turbulent  distortion  of  tlie  acou.slic 
wavefronts  (May  et  al.,  1988). 

The  efIecT  of  tlie  wind  lias  been  a  major  limita¬ 
tion  in  llie  past,  but  the  greatly  enhanced  sensitivity 
of  wind  profiler  radars  has  allowed  measurements 
even  in  wind  storms  willi  wind  speeds  of  about  30 
111, s'*.  We  u.se  acou.slic  .sources  with  beaiiiwidtlis 
wide  enough  so  that  the  acoustic  pre.ssure  pertuiba- 
lions  are  in  the  radar  beam  even  under  high  wind 
conditions.  The  49.8  MH/,  radar  is  the  iiio.st  alfected 
by  winds.  Tills  radar  has  observed  proliles  as  high  as 
1 1  km  above  ground  under  liglil  wind  conditions, 
but  4-6  km  is  typical  under  moderate  to  strong 
winds. 

Acoustic  allenualion  is  a  very  strong  function  of 
frequency.  The  attenuation  mea.sured  in  dB/IOOiii 
increases  as  the  frequency  .squared.  It  is  uninipoitnnl 
at  frequencies  around  101)  H/.  (corresponding  to  the 
49.8  MH/,  profiler),  but  is  llie  dominant  factor  al 
2000  H/,  (for  the  915  MH/.  profiler).  The  heiglil 
coverage  for  the  915  MH/,  profiler  depends  on  the 
temperature  and  humidity,  which  affect  the  acoustic 
absorption  (e.g.,  Harris.  1966). 

The  effect  of  luibulence  is  ambivalent.  Tuibii- 
leiil  distortion  of  the  acoustic  wavehonls  acts  to  de- 
ciea.se  llie  radar  signal  power  fa.ster  than  range 
squared  decreasing  height  coverage,  iiarticularly  al 
higher  Ircqticncies.  On  the  other  hand  turbulence 
ads  to  smear  the  spot  over  a  large  area,  which  dia- 
malically  lessens  he  effect  of  wind  on  the  measure¬ 
ments. 

In  summary  it  is  the  latter  two  effects  which 
most  strongly  limit  tlie  404.37  and  915  MH/, 


profilers  to  maximum  altitudes  of  about  1-2  km 
while  winds  liave  llie  most  dramatic  effect  on  ojicra- 
lions  with  the  49.8  MH/,  profiler. 

3.  Accuracy  of  RASS 

Very  little  quantitative  discussion  on  the  accu¬ 
racy  of  RASS  measuremenls  has  been  shown  in  the 
literature.  Numerous  temperature  proliles  measured 
with  RASS  and  radiosondes  have  been  shown,  but 
the  discussion  has  been  limited  to  describing  the 
agreement  as  excellent  (e.g..  Figure  I).  In  order  to 
discuss  out  results  more  quantitatively  a  data  set  in¬ 
corporating  over  50  radiosonde  ascents  during  two 
campaigns  in  the  .summer  and  winter  of  1988  have 
been  compared  to  15  min  averages  ol  the  RASS  ob- 
.servations  centered  at  the  launch  time.  No  alletnpl 
has  been  made  to  simultaneously  measure  the  verti¬ 
cal  component  of  the  wind,  .so  the  averaging  is  an 
attempt  to  lessen  tlie  impact  of  vertical  motions  on 
the  data  set.  Modifications  to  the  radar  to  allow  sl- 
niiiltatieous  measurement  of  the  vertical  motions 
and  RASS  are  planned. 

RASS  Erie.  Colo., 

4.04.37  MHz  Profiler 
RAOB  Brighton,  Colo.. 

15:00  Jon  4,  1988 


-20.0  -15.0  -10.0  -5.0  0.0 

Temperature  (“C) 

Fig.  I .  A  comparison  between  RASS  measuremenls 
using  tlie  404.37  MH/,  proliler  al  Erie  (.'olo,  (stars), 
and  a  radiosonde  launclied  al  Brighton  (.solid  line), 
about  24  km  av/ay.  The  lime  is  given  in  U.T.  (after 
May  el  al.,  1988) 

Figure  2  shows  a  scatter  plot  comparing  the 
data  sets  and  the  agreemenl  is  striking.  The  RMS 
dilference  is  1.0°C,  which  is  comparable  to  lhal  ob¬ 
tained  with  radiosonde-radiosonde  comparisons. 
There  is  a  section  of  the  data  which  shows  greater 


Virtual  Temp.  (  °C)  RASS 
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RASS/Sonde  Comparison 
Denver  Colorado 
915  MHz  Profiler 


Virtpol  Temp.  ( "C)  RAOB 

Fig.  2.  Virluiil  lemperntiiie  meii.surecl  liy  niclio- 
soncle.s  and  hy  RASS  using  (lie  Denver  915  MID, 
wind  Profiler.  Tlie  RMS  dillerence  is  l.0°C. 


variation  at  temperatures  around  3-5  °C.  Examina¬ 
tion  of  tlie  wind  fields  measured  duringtliese  periods 
reveals  vertical  motions  of  several  m  s‘‘  a.ssocialed 
will)  downslope  wind  storms.  If  data  during  events 
.such  as  this  are  removed;  Lite  RMS  difference  be¬ 
tween  the  temperature  observations  is  reduced  to 
about  ll.6°C'.  Furtlier  evidence  of  the  effect  of  verti¬ 
cal  wind  motions  is  tiiat  in  the  summer  the  RMS  dif¬ 
ference  between  tiie  data  sets  decreased  with  height 
in  the  convective  boundary  layer  wliile  in  the  winter 
tiiey  increased,  probabiy  because  of  lee  waves  and 
wind  storms. 

Clearly  correction  of  the  errors  caused  by  verti¬ 
cal  motions  is  tlie  next  step  in  the  RASSAvind 
profiler  teclinical  development.  Such  corrections  are 
po.ssible  with  the  requirement  of  more  computer 
power  for  data  analysis.  Observations  under  very 
light  wind  conditions  have  .shown  RMS  vaiiations  of 
tlie  RASS  observations  of  only  about  t).2°C  at  a 
given  lieiglit  over  a  period  of  36  min.  Tliis  illu.sirates 
tlie  even  greater  promi.se  of  the  technique  when  a 
vertical  velocity  correction  is  available. 


STAP LETON  (40. t bn, t04.73W),eI. lOllm 


Fig.  3.  Temperature  field  measured  using  the  Den¬ 
ver  proliler/RASS  during  the  pa.ssage  of  an  intense 
shallow  cold  layer  on  February  1,  1989. 


4.  Weather  observations 

This  example  shows  data  from  tlie  passage  of 
an  iiiteti.se  cold  front  over  tlie  Denver  profiler  and 
illtisirales  the  promise  and  capabilities  of  the 
proliler/RASS  combination. 

On  January  31,  1989,  an  arctic  airina.ss  was 
pushing  down  from  tlie  nortli  along  tlie  eastern  side 
of  the  Rockies.  In  the  early  morning  of  February  I 
the  initial  cold  .surge  a.ssocialed  witli  this  cold  front 
passed  over  Denver.  Tlie  Stapleton  radar  was  run¬ 
ning  a  sequence  of  6  min  of  RASS,  6  min  of  clear 
air  ob.servatiotis,  and  3  min  lor  analysis  during  the 
entire  weeklong  period  of  the  arctic  event.  Figure  3 
shows  the  temperature  field  measured  by  RASS  dur¬ 
ing  the  initial  .surge  from  the  north.  Prior  to  the  pa.s¬ 
sage  of  the  front  a  ground  based  inversion  developed 
because  of  radiational  cooling.  The  temperature 
drop  at  tlie  ground  was  about  1()°C  at  the  .surface, 
and  almost  2()°C  in  an  lioitr  a  few  liundred  meters 
above  the  ground.  Notable  leaiures  include  the 
lapid  temperature  drop,  the  shallow  depth  of  the 
cold  air  (-  1  kin),  and  the  strong  temperature  inver¬ 
sion  which  re.sulted.  The  wind  field  during  this  pe¬ 
riod  showed  the  shiillow  Itiyer  of  nortlierlies  associ¬ 
ated  with  the  surge  and  some  evidence  of  a  head, 
wliich  was  not  seen  in  the  tetii)3erature  fields.  The 
zonal  component  of  the  wind  (Fig.  4)  shows  the 
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Fig.  4.  The  zotial  componeiU  of  the  wind  fieid 
measured  using  liie  Denver  wind  profiler  during 
lire  frontal  passage. 

wind  sliear  associated  with  llie  boundary.  Tire  speed 
of  llie  cold  surge  (about  15  m  s"')  was  fairly  consi.s- 
tent  witli  a  density  currettt  witlt  deptli  900  m  and  a 
temperature  contrast  of  I2®C,  wlticlt  is  close  to  the 
drop  over  the  period  of  tlie  sharpest  gradient.  Sub¬ 
sequent  surges  deepened  tite  cold  air  to  only  about 
1.5  km  witli  minimum  tetnperatures  around  -30®C. 
Tlie  temperature  inversion  associated  witli  tlie  cold 
air  was  abotit  20 "C  over  a  single  radar  resolution  cell 
(150  m).  Tlie  actual  gradient  may  have  been  even 
greater. 

Tills  is  one  case  among  many  wliicli  liave  al¬ 
ready  been  oliserved.  Ollier  applications  include  .se¬ 
vere  pollution  event.s,  aircraft  icing,  and  possible  .op¬ 
erational  applications,  for  example,  in  forecasts  of 
convection. 

5.  Conclusions 

The  RASS  teclinique  applied  with  wind 
profilers  clearly  lias  great  potential  for  teniperature 
profiling  as  botli  a  researcli  and  operational  tool. 
The  accuracy  is  of  tlie  order  of  a  degree  and  the 


continuous  time  and  heiglit  coverage  gives  an  instru¬ 
ment  analogous  to  a  tower  several  kilometers  higli. 
A  new  network  of  wind  profilers  currently  being 
built  by  NOAA  slioukl  liave  a  typical  lielglil  cover¬ 
age  up  to  about  3-4  km  above  ground.  Tlie  major 
problems  to  be  solved  are  vertical  velocity  correc¬ 
tions  made  in  real  time  and  noise  pollution,  wlilch  is 
quite  severe  with  the  high  powered  acoustic  sources 
which  are  currently  used. 

Acknowledgments:  Contributions  from  B.  Stankov 
and  P.  Neiman  are  gratefully  acknowledged. 
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ABSTRACT 

Three  of  Canada's  six  regional  weather  centres 
prepare 'Weather  forecasts  for  ocean  areas.  They  all 
suffer  from  a  lack  of  ship  data  for  wind  forecasting 
and  inadequate  data  for  precipitation  forecasting. 
All  regions  have  access  to  cloud  Imagery. 
Cloud-level  storm  centres  can  be  identified  but  they 
can  be  displaced  100-500  km  from  the  ocean-surface 
storm  centres.  In  addition  qualitative  estimates  of 
water  content  can  be  obtained  from  the  brightness  of 
clouds. 

The  Seasat  scatterometer  provided  an  abundance  of 
high-rosolution  wind  speed  and  direction  data.  It 
could  locate  a  storm  centre  within  a  resolution 
slightly  better  than  its  footprint  resolution.  The 
passive  microwave  radiometer,  also  on  Seasat, 
provided  quantitative  observations  of  column 
abundances  of  rain  rate,  liquid  water  and  water 
vapour. 

Both  instruments  can  be  expected  to  provide 
significant  improvements  for  wind  and  precipitation 
forecasting. 

Keywords:  Scatterometer,  Passive  Microwave 
Radiometer,  Weather  Forecasting, 

1.  BACKGROUND 

The  Seasat  Scatterometer  is  an  active  radar  that  has 
the  ability  to  measure  ocean  wind  speed  and  wind 
direction.  The  measurement  technique  depends  on  the 
fact  that  winds  generate  centimetre-length  waves, 
which  increase  in  number  with  increasing  'wind  speed. 
The  scatterometer  ia  essentially  an  all-weather  device 
that  can  yield  high-resolution  data  (50  km) .  Wind 
direction  ambiguities  occur  because  the  backscatter  in 
both  the  upwind  and  downwind  directions  is  virtually 
identical.  Similarly,  there  is  no  difference  in 
backscatter  between  the  two  cross-wind  directions. 
Direction  ambiguities  can  be  removed  by  meteorological 
analysts  with  an  estimated  accuracy  of  90-95%.  Future 
scatterometers  will  have  the  capability  to  reduce 
these  ambiguities  significantly.  The  incorrect 
directions  are  called  aliases  and  the  process  of 
removing  aliases  is  called  "de-aliasing".  Wind  speed 
estimates  are  accurate  to  ±  10%  or  2  ms"^, 
whichever  is  larger,  and  wind  directions  after 
de-aliasing  are  accurate  to  S20°. 


Six  cases  were  studied  to  evaluate  the  utility  of 
,  Seasat  scatterometer  data  for  regional  short-range 
ocean  wind  forecasting  and  were  published  by 
Peteherych  et  al.  (1988). 

The  SEASAT  scanning  multichannel  microwave  radiometer 
(SMMR)  was  a  passive  microwave  radiometer  that 
measured  the  radiant  energy  emitted  from  the  earth  and 
atmosphere  at  5  microwave  frequencies.  This  sensor 
was  capable  of  measuring  ocean  surface  temperature, 
ocean  wind  speed,  column  abundances  of  rain  rate, 
non-raining  water  and  water  vapour.  Verification 
studies  ha''e  been  reported  by  Alishouse  (1983), 
Gurvich  et  al.  (1970)  and  Katsaros  et  al.  (1981). 

2.  INTRODUCrriON 

In  Canada  there  are  three  regional  weather  centres 
that  have  the  responsibility  for  forecasting  weather 
over  the  oceans;  the  Maritme  Weather  Centre  in 
Bedford,  Nova  Scotia, the  Arctic  Weather  Centre  in 
Edmonton,  Alberta  and  the  Pacific  Weather  Centre  in 
Vancouver,  British  Columbia.  They  all  share  a  common 
problem  -  a  deficiency  of  ship  data  over  their 
corresponding  ocean  areas.  They  all  receive  satellite 
visible  and  infrared  imagery.  Storm  locations  in 
cloud  imagery  are  often  different  from  their  storm 
location  at  the  ocean  surface.  Typically  the 
differences  are  100-200  km  and  occasionally  as  much  as 
500  km.  Cloud  imagery  can  provide  a  qualitative 
measure  of  the  surface  wind  speed,  whereas  the 
scatterometer  locates  the  storm  location  and  intensity 
with  precision. 

The  whiteness  of  a  cloud  image  is  a  qualitative 
measure  of  the  water  content.  A  passive  microwave 
radiometer  identifies  the  location  and  amount  of  rain 
rate,  non-raining  water  and  water  vapour. 

3.  RESULTS  AND  DISCUSSION 

There  are  about  20  ship  reports  within  800-1000  km  of 
an  intense  storm  at  Sl'N,  150'W  (Fig.l).  This  is  an 
exceptionally  large  number  for  a  Pacific  coast 
cyclone . 

These  reports  are  sufficient  to  prepare  an  acceptable 
HSL  pressure  analysis  for  this  storm.  Ocean  ships 
report  wind  speed  in  knots  whereas  Seasat  obtains  them 
in  ms-1.  The  ratio  is  virtually  2  to  1.  Wind 
direction  is  in  the  direction  of  the  arrow 
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accompanying  each  wind  speed  number.  There  are  A 
times  as  many  Seasat  observations,  (Fig. 2)  for  a 
smaller  area.  The  ship  data  show  one  observation  at 
AO  kts.  due  east  of  the  storm.  Seasat  observations 
report  A  winds  at  20  ms"^  north  and  west  of  the 
storm  centre. 


The  Canadian  Meteologisal  Centre  (CMC)  MSL  charts  for 
this  period  are  available,  but  not  included  in  this 
paper  due  to  lack  of  space,  show  a  much  lower 
resolution  analysis  than  shown  in  (Fig. 3)  which  was 
performed  manually  by  marine  analysts. 


FIG.  3  MSL  PRESSURE  CONTOURS  SEPT.  11,1978 


Rain  (Fig. A)  is  located  on  the  cold  side  of  the  warm 
and  cold  front  as  expected,  and  liquid  water  (Fig. 5) 
is  a  niaxiniuin  in  the  same  areas  where  the  rain  rate  is 
a  maximmn.  Maximum  water  vapour  (Fig. 6)  is  also 
located  in  the  same  location  as  the  maximum  rain  rate 
and  liquid  water.  In  addition  the  maximum  values  of 
rain  rate,  liquid  water  and  water  vapour  occur  near  or 
at  the  frontal  boundaries. 
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4.  CONCLUSION 

Quality  scatterometer  data  are  expected  to  improve  the 
forecasting  of  wind  speed  and  direction  for  all 
coastal  regions.  A  passive  microwave  radiometer  will 
provide  improved  precipitation  forecasting  for  these 
areas. 
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ABSTRACT 

He  have  used  the  well-)inown  theory  of  Cox  and  Hunk  to 
determine  near-surface  vindspeeds  from  AVHRR 
visible/near-infrared  band  data  for  23  Hay,  21  June, 
28  June  'and  5  July  1982  for  areas  of  sunglint  in  the 
western  Mediterranean.  The  results  have  been 
compared  with  meteorological  data  obtained  from  the  UK 
Meteorological  Office  for  these  dates  in  this  area. 
The  discrepancies  are  generally  not  unreasonably 
large,  moreover  it  is  by  no  means  clear  whether  the 
discrepancies  arise  from  errors  in  the  meteorological 
data  or  from  errors  in  the  retrieval  from  the 
satellite-data.'  The  relevance  of  this  work  to  the 
validation  of  wind-speeds  that  are  expected  to  be 
derived  from  ERS-1  microwave  data  is  considered 
briefly.  An  example  of  the  temperature  rise 
associated  with  the  skin  effect  in  an  area  of  calm 
water  in  one  scene  has  also  been  calculated. 

Keywords:  Sunglint,  wind  speeds,  AVHRR,  skin  effect. 


1.  IRTRODUCTIOR 

The  theory  of  Cox  and  Hunk  (1954)  for  determining 
near-surface  windspeeds  from  sunglint  data  is  well 
established  and  has  been  quite  widely  used.  He  have 
obtained  some  1982  AVHRR  data  for  areas  of  sunglint  in 
the  western  Mediterranean  for  the  purpose  of 
extracting  near-surface  wind  speeds  and  comparing  the 
results  with  data  from  wind  speed  measurements  in  the 
area  supplied  to  us  by  the  U.K.  Meteorological  Office. 

First  of  all  we  carried  out  a  visual  inspection  of 
prints  supplied  to  us  by  the  Dundee  University 
Satellite  Data  Receiving  Station  for  the  various 
spectral  bands.  In  one  of  the  scenes  we  noticed 
areas  of  low  windspeed,  which  appear  dark  in  band-1 
(visible)  and  band-2  (near  infrared)  AVHRR  data, 
according  to  the  explanation  given  by  McClain  and 
Strong  (1969).  He  found  similar  dark  patches  in  the 
band-4  (thermal  infrared)  AVHRR  data  for  the  same 
scene  and  these  correspond  to  areas  where  the  surface 
temperature  is  higher  than  that  of  the  surrounding 
water.  The  cause  of  the  local  heating  of  the  surface 
layer  is  that  the  surface  of  the  water  is  warmed  by 
solar  heating  and  in  a  region  of  calm  water, 
associated  with  low  wind  speed,  there  is  little  mixing 
and  the  heated  water  remains  at  the  surface.  The 
spatial  correlation  between  the  dark  patches  in  bands 
1  and  2  [figure  1(a)  and  (b)]  and  in  band  4  [figure 
1(d)]  is  very  striking. 


The  purpose  of  the  work  described  in  this  paper  was  to 
quantify  these  effects  which  were  observed  visually  by 
carrying  out  detailed  calculations  of  the  near-surface 
wind  speed  and  to  make  some  estimates  of  the 
temperature  rise  caused  by  local  heating  in  areas  of 
low  wind  speed. 


2.  SURGLIRT  ARD  THE  THEORV  OF  COX  ARD  MURK 

Sunglint,  the  direct  specular  reflection  of  sunlight 
at  the  surface  of  the  sea,  is  something  that  people 
using  remotely-sensed  data  usually  regard  as  a 
nuisance  and  take  steps  to  avoid.  That  is,  in  most 
situations  one  is  aiming  to  study  the  surface  of  the 
sea  by  diffusely-reflected  radiation.  Thus,  for 
example,  on  the  NIHBUS-7  satellite  there  was  special 
provision  made  in  the  Coastal  Zone  Colour  Scanner 
(CZCS)  to  tilt  the  mirror  so  as  deliberately  to  avoid 
gathering  data  from  an  area  of  sunglint.  Also,  very 
frequently,  in  flying  an  aircraft,  one  deliberately 
organises  the  flight  in  such  a  way  as  to  avoid 
obtaining  data  that  includes  sunglint.  In  the 
present  work  we  take  the  approach  of  deliberately 
using  sunglint  data  to  determine  near-surface  wind 
speeds  using  the  theory  of  Cox  and  Hunk  (1954) .  It 
is  not  necessary  to  repeat  the  details  of  that  theory 
here,  it  has  recently  been  summarised  elsewhere 
(Cracknell  1989) .  He  shall  simply  summarise  the  main 
points  very  briefly. 

The  theory  of  Cox  and  Hunk  (1954)  is  based  on  an 
assumption  of  a  Gaussian  distribution  to  describe  the 
various  orientations  of  the  tangent  (or  normal)  to  the 
water  surface  when  waves  are  present.  The 
probability  distribution  function  assumed  is 


P(0„,V) 


tan^'0„ 


■) 


(1) 


where  Oji  is  the  zenith  angle  of  the  normal  at  the 

point  at  which  reflection  occurs,  V  is  the 
near-surface  wind  speed  and  o  is  the  standard 
derivation  of  the  distribution.  A  second  assumption 
is  that  one  can  use  an  empirical  relation 

<7*  =  0.00512  V  +  0.003  (2) 
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Then  we  have 

L  (X)  cos^0„  COS0 

L'(x)  'rl)  =  f 

where 

0  ■>  zenith  angle  of  reflected  ray 

r(u)  =  Fresnel  reflectivity 
and 

«/2n  *  frequency  of  light  (=  c/X  (where  c  is  the 
velocity  of  light) ) . 

For  a  part  of  the  scene  that  is  far  renoved  frbs  the 
area  of  sunglint  the  tern  li^<X)  will  he  absent.  If  we 

assune  that  there  are  no  large  concentrations  of 
suspended  sediaent  or  of  chlorophyll  near  the  surface 
in  the  areas  being  studied,  then  we  can  assune  that 
li^(X)  has  the  same  value  throughout  the  scene  so  that 

the  value  of  sunglint  area 

can  be  ‘taken  as  given  by  the  satellite-received 
radiance  from  a  region  outside  the  sunglint  area. 
This  also  assumes  there  are  no  horizontal  spatial 
variations  in  the  atmospheric  conditions  throughout 
the  whole  area. 

Thus  the  procedure  that  we  have  implemented  for 
calculating  near-surface  wind  speeds  is  as  follows. 
Fot  a  given  pixhl  in  the  sunglint  area  we  obtain  l<,(^) 

from  the  AVHRR  band-1  data  for  that  pixel  and  we 


obtain  1<^(X)  for  that  pixel  by  the  method  described  at 

the  end  of  the  previous  paragraph.  We  perform  the 
necessary  trigonometry  to  obtain  0,  9^  and  r(w)  and 

thus  calculate  P(0^,V)  using  equation  (4).  From  this 

we  use  equaUon  (1)  to  calculate  and  then  use  this 
value  of  a  in  equation  (2)  to  calculate  V,  the 
near-surface  wind  speed  for  the  surface  area 
corresponding  to  the  given  pixel  in  the  image. 


3.  CUCVUTIOKS  OF  Tim  SPKDS 

We  have  used  AVHRR  data  from  4  dates  in  the  summer  of 
1982  in  which  sunglint  is  present.  The  dates  are 
23  May  1982,  21  June  1982,  28  June  1982  and  5  July 
1982.  Images  for  the  first  of  these  dates  have 
already  been  shown,  in  four  bands,  in  fig.  1.  The 
procedure  described  at  the  end  of  section  2  has  been 
applied  at  about  20  points  on  a  rectangular  grid 
within  the  sunglint  area  of  each  scene  and  the 
sunglint-derived  near-surface  wind  speeds,  which  we 
denote  by  V^,  have  been  obtained. 

He  obtained  data  on  magnetic  tape  from  the  U.R. 
Meteorological  Office  giving  observed  values  of  wind 
speeds  at  some  points  in  the  Mediterranean  on  the 
dates  for  which  we  have  used  the  AVHRR  data.  The 
number  of  points  at  which  observations  were  made  was 
quite  small  and  we  have  had  to  interpolate  to  estimate 
the  wind  speed,  which  we  denote  by  V_,  at  the  points 

on  the  rectangular  grid  used  for  our  calculations. 
The  means  and  standard  deviations  of  the  interpolated 
values  from  surface  observations,  V^,  and  the 

sunglint-derived  values,  V^,  are  given  in  table  1. 


For  two  of  these  scenes,  namely  23  Hay  and  28  June, 
the  meteorological  observations  are  so  sparse  that  the 
value  of  V^  is  the  same  for  each  point  in  the  sunglint 

area.  Thus  no  standard  deviation  can  be  determined 
and  the  meteorological  data  provide  very  little  useful 
information  to  help  in  assessing  the  reliability  of 
the  sunglint-derived  wind  speeds  for  these  two  dates. 
A  further  problem  is  that,  for  all  4  scenes,  there  was 
a  time  difference  of  the  order  of  an  hour  or  more 
between  the  meteorological  observations  and  the 
reception  of  the  AVHRR  data.  A  comparison  between 
the  sets  of  values  of  V^  and  V^  tells  us  more  about 

the  quality  of  the  meteorological  observations  than 
about  the  quality  of  the  sunglint-derived  wind  speeds. 
From  table  1  we  see  that  the  meteorological 
observation  of  2.6  ms  '  for  23  Hay  1982  is  almost 
certainly  far  too  low  whereas  the  meteorological 
observation  of  5.1  ms*’  for  28  June  1982  is  probably  a 
reasonable  mean  value  for  the  area  being  studied. 
However,  it  is  not  really  the  main  objective  of  our 


study  to  evaluate  the  quality  of  the  meteorological 
observations. 

For  the  remaining  two  scenes  it  is  instructive  to 
consider  the  mean  and  standard  deviation  of  V^,  the 

meteorological  wind  speed,  and  V^  the  sunglint-derived 

wind  speed,  see  table  1.  From  the  table  we  see  that 
for^S  July  1982  the  difference  between  the  means  (0.03 
ms  ’)  is  much  smaller  than  the  standard  deviation  of 
either  wind  speed  and  there  is  no  evidence  of  bias 
between  the  two  data  sets.  But  for  the  data  from  21 
June  1982  there  is  clear  evidence  of  bias  between  V^ 

and  V^.  For  21  June  the  difference  between  the  means 
is  1.1(6)  ms  '  while  the  standard  derivations  of  V_ 

_i  “ 

and  V^  are  about  0.1  ms  .  For  this  date  then  the 
means  of  V_  and  V.  differ  by  about  10  standard 
derivations  and  this  is  clear  evidence  of  bias. 
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Having  established  clear  evidence  o£  bias  in  one  case 
out  of  the  four  scenes  studied,  one  should  try  to 
establish  the  cause  of  the  bias.  Contributory 
factors  include  (i)  errors  in  the  meteorological 
observations  themselves  (ii)  a  time  difference  between 
the  time  of  the  meteorological  observations.  What  is 
interesting  is  the  question  of  whether  there  is  any 
systematic  error,  or  bias,  in  the  use  of  the  procedure 
based  on  the  Cox  and  Hunk  theory  in  our  analysis  of 
the  AVHRR  data.  This  is  unresolved  by  our  present 
work  and  it  would  require  the  analysis  of  far  more 
scenes  before  this  question  could  be  resolved. 


4.  TBK  SKIN  EFFECT 

In  this  section  we  consider  briefly  an  example  of  part 
of  one  of  these  scenes  in  which  there  is  evidence  of 
an  increase  in  the  surface  temperature  arising  from 
solar  heating  and  the  absence  of  mixing  by  wave 
action.  The  scene  is  that  of  23  Hay  1982. 

In  figure  1(a),  which  shows  the  band-1  AVHRR  data  for 
23  May  1982,  there  are  two  calm  areas  showing  as  dark 
areas  in  the  sunglint  pattern;  one  is  south-west  of 
Sicily  and  the  other  is  north-east  of  Sicily,  adjacent 
to  the  edge  of  the  clouds.  There  areas  are  clearly 
visible  in  band  2  (fig.  1(b)),  while  they  appear  dark, 
in  band  3  (fig.  1(c))  where  they  appear  light  and  in 
band  4  (fig.  1(d))  where  they  appear  dark.  The 
correlation  of  low  wind  speed  and  surface  heating  has 
been  studied  before  by  Sanders  et  al  (1981)  who  used  a 
combination  of  Heteosat  data  and  AVHRR  data. 

We  have  calculated  the  brightness  temperature,  Tj,  for 

a  typical  sunglint  area  and  for  the  dark  patches  with 
the  AVHRR  data  for  23  Hay  1982.  We  have  not  made  any 
attempt  to  perform  atmospheric  corrections  to  convert 
the  brightness  temperatures  into  sea-surface 
temperatures.  This  is  because  we  are  only  interested 
in  the  differences  between  the  temperatures  of  areas 
with  different  near-surface  wind  speeds.  This  does  of 
course  mean  that  we  are  assuming  a 
horizontally-stratified  atmosphere  over  the  whole  area 
being  studied.  We  have  calculated  Tj  for  22  points 

in  each  of  the  following  (a)  outside  the  sunglint 
area,  (b)  in  the  bright_.part  of  the  sunglint  area 
(wind  speed  circa  3-4  ms  ■*■)  and  (c)  in  the  dark  area 
within  the  sunglint  (wind  speed  negligible) .  The 
mean  of  the  22  values  for  each  case  was: 


(a) 

outside  sunglint  area 

287.5(8)  K 

(b) 

sunglint 

289.4(3)  K 

(c) 

dark  patch 

291.2(1)  K 

difference  between  <af  and 

(b)  IS  not  untypical  of 

the  temperature  differences  between  different  parts  of 
the  Mediterranean.  (b)  and  (c)  were  close  together 
geographically  and  the  temperature  difference  of 
nearly  1.8  deg  K  can  quite  reasonably  be  attributed  to 
the  skin-effect  surface  heating  of  the  calm  water. 

There  has  been  in  the  literature  some  discussion  of 
the  difficulties  of  measuring  the  extent  of  thermal 
heating  of  a  thin  surface  layer  of  the  sea  in  very 
calm  conditions  and  the  difficulty  of  measuring  the 
magnitude  of  this  effect  in  situ  (see  for  instance 
Robinson  e^  al,  (1984)).  We  submit  that  a 
considerable  amount  of  information  about  this 
phenomenon  can  be  obtained  without  recourse  to  in  situ 


measurements,  which  are  notoriously  difficult  to 
perform  without  disturbing  the  surface  layer,  by 
deliberately  choosing  to  study  this  phenomenon  in  an 
area  of  sunglint. 


S.  CONCLUSION 

We  have  shown  that  random  errors  in  calculating 
near-surface  wind  speeds  from  AVHRR  data  in  an  area  of 
sunglint  are  quite  small.  We  have  found  some 
evidence  of  bias  between  meteorological  observations 
of  wind  speeds  and  the  sungl  int-derived  wind  speeds 
but  we  are  inclined  to  attribute  most,  or  even  all,  of 
that  bias  to  the  meteorological  observations.  We  are 
aware  that  suggestions  have  been  made,  e.g.  in 
connection  with  the  validation  of  algorithms  for 
non-imaging  active  microwave  instruments  on  SEASAT, 
that  bias  exists  in  the  use  of  the  formulae  of  Cox  and 
Hunk  (particularly  the  relation  between  o  and  V) . 
However,  to  establish  that  by  the  method  we  have  used 
would  require  many  more  sets  of  data  to  be  analysed. 
Nevertheless,  it  is  possible  that  sunglint-derived 
wind  speeds  might  be  used  as  an  alternative  to  in-situ 
data  for  ERS-1  validation  purposes. 

We  have  investigated  the  surface  layer  heating  and  its 
relation  with  wind  speed  in  areas  of  sunglint.  We 
would  suggest  that  this  provides  a  very  fruitful 
alternative  to  attempting  to  perform  in-situ 
measurements  of  surface  layer  heating. 
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Abstract: 

Microwave  radiometers  on  satellites,  operating  at  frequencies  in  the 
vicinity  of  19,  22  and  37  GHz,  can  distinguish  atmospheric  water 
vapor,  cloud  liquid  water  and  rain  against  the  radiatively  uniform 
and  cold  background  of  the  ocean.  In  addition,  preliminary 
algorithms  also  appear  to  promote  at  least  qualitative  fields  of 
surface  wind  roughening.  Since  data  on  atmospheric  weather 
systems  arc  sparse  over  large  expanses  of  the  earth's  ocean, 
microwave  sensors  could  provide  information  to  fill  a  serious  data 
gap.  Employing  signals  obtained  by  the  Special  Sensor  Microwave 
/Imager  (SSMri)  on  the  F8  satellite  in  the  Defense  Meteorological 
Satellite  Program,  we  have  recently  studied  the  relationship  between 
these  atmospheric  variables  and  the  surface  location  of  atmospheric 
fronts  in  midlatitude  cyclones.  In  this  note  we  present  one 
representative  case  which  illustrates  the  observed  relationships,  and 
we  suggest  ways  in  which  the  information  thus  obtained  from  the 
SSM/I  may  prove  useful  in  the  operational  analaysis  of  oceanic 
storms 

1.  Introduction 

Over  the  past  decade  radiometric  measurements  at  microwave 
frequencies  greater  than  18  GHz  have  been  available  from  satellite 
sensors  at  resolutions  of  50  km  or  better.  Two  Scanning 
Multichannel  Microwave  Radiometers  (SMMR's)  were  launched  in 
1978  on  the  Seasat  and  Nimbus  7  satellites  (Gloersen  and  Bairath, 
1977),  and  in  1987  an  instrument  with  similar  characteristics,  the 
Special  Sensor  Microwave/Imager  (SSM/I),  was  launched  on  the  F8 
satellite  in  the  U.S.  Defense  Meteorological  Satellite  Program 
(DMSP). 

By  including  channels  in  the  frequency  range  18-37  GHz  (see  Table 
1)  these  instruments  allow  estimation  of  integrated  atmospheric 
water  vapor,  integrated  cloud  liquid  water  and  at  least  the  presence 


of  rain  in  the  column.  The  integrated  water  vapor  parameter  is  very 
robust  and  has  the  same  r.m.s.  accuracy  as  one  obtained  by 
integration  of  radiosonde  ascents  (Alishouse,  1983;  McMurdie, 
1989).  Difficulties  in  interpreting  the  signal  in  terms  of  rain  rate 
occur  because  most  rain  cells  do  not  fill  the  approximately  30  km  by 
30  km  footprint  of  the  37  GHz  channels  used  for  this  purpose,  and 
rain  rates  greater  than  about  3mm/hr  would  saturate  this  signal,  if  the 
rain  covered  the  footprint. 

In  previous  studies  at  the  University  of  Washington,  we  have  related 
patterns  in  integrated  water  vapor  from  the  SMMR's  to  the  surface 
location  of  fronts  in  midlatitude  cyclones,  and  have  examined  the 
ability  of  simple  algorithms  to  identify  rain  areas  and  estimate  rain 
intensity  in  such  weather  systems  (McMurdie  and  Katsaros  1985; 
Katsaros  and  Lewis  1986;  McMurdie  etal.,  1987). 

Because  we  found  these  patterns  to  be  very  characteristic,  we  also 
developed  flagging  routines  to  objectively  locate  frontal  zones  over 
the  sea  using  SMMR  data  (Katsaros  et  al.,  1989a).  Recently,  we 
have  made  preliminary  tests  of  the  same  methods  applied  to  data 
from  the  SSM/I.  This  instrument  provides  four  times  the  data 
coverage  of  the  Nimbus  7  SMMR,  because  it  has  twice  the  swath 
width  and  has  a  continuous  duty  cycle,  while  the  SMMR  was  turned 
on  only  on  alternate  days  due  to  power  restrictions  on  the  Nimbus  7 
satellite.  The  SSM/I  is  therefore  a  more  valuable  data  source  for 
studying  evolution  of  cyclones. 

2.  A  cyclone  'seen'  with  the  Special  Sensor 
Microwave/Imager 

In  this  short  note  we  present  one  example  of  several  types  of 
information  that  SSM/I  can  provide  about  cyclonic  storm  systems 
over  the  ocean.  More  details  are  available  in  a  technical  report  by  the 
authors  (Katsaros  et  al  1989b). 


Table  1.  Characteristics  of  the  Two  Polar  Orbiting  Radiometers, 
SMMR  on  Seasat  and  on  Nimbus  7  and  the  SSM/I 
on  the  F8  DMSP  Satellite 


SMMR  SSM/I 


APPROX. 

APPROX. 

FREO. 

RESOLUTION 

FREQ. 

RESOLUTION 

GHz  ' 

(kml 

GHz 

(kml 

6.6 

150 

— 

10.7 

100 

— 

■■ 

18 

65 

19.35 

55 

21 

60 

22.235 

50 

37 

35 

37 

35 

- 

- 

85.5 

15 
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Figure  1  shows  five  fields  determined  from  SSM/I  signals  for  a 
storm  that  approached  northern  Europe  on  October  18,  1987.  The 
frontal  analysis  superimposed  on  these  SSMfi  products  is  taken 
directly  from  the  National  Meteorological  Center  (NMC)  surface 
map  for  0:600  UTC  on  the  same  day.  The  contours  of  integrated 
water  vapor  are  presented  in  Figure  la.  We  see  that  the  surface 
position  of  the  cold  front  occurs  at  the  leading  edge  of  the  strong 
gradient  between  the  waim  moist  air  ahead  of  the  front  and  the  cold 
dry  air  behind  it.  In  our  previous  work  (Katsaros  et  al  1989a),  we 
found  that  by  flagging  gradients  in  integrated  water  vapor  greater 
than  a  certain  constant  threshold  value,  we  could  identify  the  surface 
location  pf  the  fronts  objectively  in  all  regions  of  the  world  ocean, 
itrespectiye  of  the  season.  Applying  a  similar  threshold  (slightly 
different  in  magnitude,  due  to  difference  in  sensor  resolution  we 
surmise)  to  the  gradients  in  Figure  la,  we  produce  Figure  lb.  The 
tail  end  of  the  cold  front  is  well  identified  by  this  routine.  Similarly, 
Figure  Ic  shows  rain  areas  identified  by  flagging  37  GHz  brightness 
temperatures  greater  than  a  certain  threshold  value.  Again  the  fronts 
locations  are  correlated  to  the  location  of  the  flags,  except  in  the 
occluded  portion  at  58N,  15W,  where  we  expect  that  the  rain  flags 
may  possibly  have  the  correct  answer. 

Figure  Id  depicts  the  location  of  depressed  85  GHz  brightness 
temperatures  resulting  from  scattering  by  large  ice  particles  in  the 
clouds.  These  large  ice  particles  are  typically  associated  with 
precipitation.  An  intensification  in  the  scattering  signal  at  about 
49N,  7W  could  be  indicative  of  enhanced  convergence  in  this  area. 
Both  the  water  vapor  pattern  and  the  prominent  region  of  rain  behind 
the  NMC  frontal  location  seem  to  corroborate  this  interpretation. 

Figure  le  shows  surface  wind  speed  calculated  with  the  pre-launch 
algorithm  documented  by  Hollinger  et  al.  (1987).  (Areas  where 
heavy  cloud  liquid  water  and  rain  obscure  the  surface  have  ^en 
omitted.)  The  maximum  winds  of  15  to  20  m/s  west  of  Ireland  are 
supported  by  the  NMC  surface  map,  which  shows  a  station  with 
wind  speed  of  17  m/s  at  54N,  15W.  The  NMC  pressure  analysis 
show  weak  gradients  in  the  area,  but  stronger  ones  both  to  the  north 
and  to  the  south.  If  the  algorithm  is  correct,  the  SSM/I  could 
possibly  have  assisted  the  analyst  in  sharpening  the  pressure 
gradient  at  the  location  of  these  high  wind  speeds.  No  other 
information  is  available  in  the  area. 

3.  Summary  and  Discussion 

We  see  in  Figure  1  that  the  fields  of  water  vapor,  rain,  and  scattering 
by  large  ice  particles  complement  each  other  in  the  sense  that  they 
appear  to  give  different  information  about  the  structure  of  the  stonn 
system.  The  information  in  each  of  the  various  fields  is  nearly 
orthogonal  to  the  information  in  the  other  fields.  We  have  not 
illustrated  the  quantity  cloud  liquid  water  in  this  short  note,  but  it  is 
another  potentially  available  parameter,  which  however  cannot  be 
readily  isolated  from  the  rain  water. 

Our  conclusion  from  looking  at  several  hundred  samples  of  cyclonic 
stotms  with  microwave  data  from  SMMR  and  SSM/I  are  that  a)  they 
provide  a  new  valuable  research  tool  for  studying  mesoscalc' 
structure  of  the  various  forms  of  atmospheric  water  (as  vapor,  cloud 
droplets,  rain  or  large  ice  particles)  in  midlatitude  cyclones,  and  b) 
the  water  vapor  gradient  and  rain  flags  together  provide  an  objective 
method  for  locating  fronts  over  the  ocean,  which  may  have 
important  practical  value. 

Difficulties  occur  due  to  the  coarse  resolution  of  the  sensors  and  our 
incomplete  knowledge  of  the  physics  of  microwave  emission  from 
■the  weather  systems,  which  makes  algorithms  currently  in  use 
subject  to  continuous  revision  for  some  time  to  come;  the  integrated 
amount  of  water  vapor  is  a  notable  exception. 
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Figure  1:  Occluded  cyclone  observed  by  DMSP  F8  SSM/l,  October  18,  1987  at  06:24 
UTC,  Orbit  41697.  The  superimposed  frontal  positions  have  been  obtained  from  the 
NMC  analysis  at  06:00  UTC.  In  Figures  (d)  and  (e)  darker  symbols  indicate  higher 
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Conventional  acoustic  radar  (SCDAR)  technolog/  is  coomonly  used  to 
measure  vertical  and  horizontal  wind  speed,  direction,  atmospheric  turbulence, 
and  an  estimation  of  atmospheric  stability.  For  the  measurement  of 
atmospheric  temperature,  radio  waves  are  required,  often  in  conjunction  with 
acoustic  radar.  SODAR  measurements  are  therefore  not  applicable  to  air 
quality  dispersion  models  without  substantial  interpretations  by  a 
meteorologist.  In  particular,  the  thermal  lapse  rates  of  stable  atmospheres 
are  not  directly  measurable  by  SODAR.  Plume  rise  is  very  sensitive  to  thermal 
lapse  rates  of  stable  layers  and  in  many  cases,  the  plume  rise  in  relation  to 
a  stable  layer  may  mean  the  difference  between  fumigation  and  lofting. 

By  simultaneous  SODAR  and  radiosonde  pilot  balloons  mcasuresents,  we  are 
correlating  various  SODAR  measured  parameters  to  the  thermal  lapse  rates 
measured  by  balloon.  These  correlations  provide  relationships  to  thermal 
lapse  rates  which  have  a  physical  basis.  Indications  of  lapse  rates  arc 
measured  turbulence  in  the  forms  of  vertical  and  horizontal  wind  variance, 
wind  speed  shear,  wind  direction  shear,  echo  intensities,  time  of  day,  and 
solar  radiation  intensities.  The  above  parameters  are  correlated  to  lapse 
rate  and  evaluated  as  to  the  effectiveness  of  the  correlations.  Data  from  an 
ECHOSONDE*  SODAR  in  the  Seattle,  Washington  area  and  other  locations  are  used 
in  developing  the  relationships.  The  correlations  are  a  basis  for  a  procedure 
for  the  estimations  of  thermal  lapse  rates,  inversion  base  and  top- elevations, 
and  stability  estimates. 

The  method  of  arriving  at  a  reliable  relationship  between  SODAR 
measurements  and  thermal  structure  variables  is  an  empirical  one.  As  an 
empirical  relationship,  the  method  tends  to  be  site-specific  and  not 
necessarily  transferrable.  With  further  study  and  data,  however,  significant 
transferrable  relationships  will  probably  become  available.  Speculation  is 
made  about  methods  of  transferring  this  method  from  one  site  to  another,  and 
the  feasibility  of  this  approach. 
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ABSTRACT 

An  experimenl  was  conducied  lo  compare  lire 
accuracy  of  atmosplieric  lempeiaiuie  soundings  ob- 
lained  simultaneously  with  a  ground-based  radio- 
acoustic  sounding  system  (RASS),  a  ground-based 
microwave  radiometric  system,  and  a  combined 
RASS/radionielric  system  colocated  at  Stapleton  In¬ 
ternational  Airport  in  Denver,  Coloiado  during  July 
and  August,  1988.  Accuracy  was  delined  as  agree¬ 
ment  with  simultaneous  in  situ  lawinsonde  tempera¬ 
ture  mea,surements. 

Rms  eirors  for  tite  22  sets  of  soundings  com¬ 
pared  ranged  from  0.5  to  2.0®C,  depending  on  alti¬ 
tude.  Temperatures  retrieved  from  the  radiometer 
mea.surements  were  more  accurate  than  tliose  re¬ 
trieved  from  RASS  above  5  km  and  below  0.5  km, 
where  a  bias  in  tlie  low-altitude  RASS  measure¬ 
ments  degraded  tite  retrieved  temperatures.  In  be- 
tw'een,  the  RASS  temperature  errors  were  less  than 
I  °C.  At  the  750  and  700  mb  mandatory  levels,  the 
RASS  errors  matclied  tlie  reported  jjrecision,  of 
rawinsonde  measurements.  Although  the  combined 
sy.slem  errors  were  smaller  titan  individual  system  er¬ 
rors  at  all  altitudes  above  0.5  km,  tlie  differences 
among  the  three  systems  were  too  small  to  conclude 
that  the  combined  system  performance  was  signili- 
cantly  belter  titan  lliat  of  either  sy.slem  alone. 

KEY  WORDS:  RASS,  microwave  radiomelry,  tem¬ 
perature  retrieval 

1.  INTRODUCTION 

Knowledge  of  atmospheiic  temperature  as  a 
function  of  lieiglit  is  necessary  for  accurate  weather 
forecasts,  wliich  directly  impact  aviation,  agriculture, 
and  human  .safely.  Currently,  these  temperature 
.soundings  are  obtained  at  J2-h  intervals  willi  bal¬ 
loon-borne  inslrumeiii  packages  called  rawinsondes. 


More  frequent  observations  are  needed  to  monitor 
the  evolution  of  local  weallter  phenomena,  whose 
lifetimes  lall  between  rawinsonde  launch  limes. 

Tite  remote  sensing  community  has  responded 
lo  this  need  by  developing  sensors  llial  measure  al- 
mospheiic  properties  (e.g.,  microwave  emission) 
from  which  temperature  soundings  can  be  derived. 
This  paper  sliows  results  of  a  comparison  among 
temperaluie  soundings  obtained  willi  three  ground- 
ba.sed  i  emote  sensing  systems  colocated  with  a 
rawinsonde  launcli  site  at  Stapleton  International 
Airport  in  Denver,  Colorado  during  July  and  August 
of  1988.  Rawinsonde  temperature  measurements 
served  as  the  comparison  standard. 

2.  MEASUREMENTS 

Hie  tliree  remote  sensing  systems  compared 
were  a  radio-  acoustic  sounding  .system  (RASS),  a 
microwave  radiometric  system,  and  a  combined 
RASS/radiomelric  system. 

The  RASS  system  con.si.sted  of  a  915  MHx 
Doppler  radar  and  a  vertically-pointing,  50-wall 
acoustic  source.  Hie  radar,  wliicli  normally  meas¬ 
ures  profiles  of  wind  speed  and  direction,  was  in¬ 
stead  used  lo  track  the  speed  of  an  acou.stic 
wavefront  transmitted  by  the  acoustic  souice  (May 
el  al.,  1989).  The  .sound  .speed  obtained  can  be  re¬ 
lated  back  lo  virtual  temperature  (List,  1963).  Large 
acoustic  attenuation  al  the  fiequencies  involved  lim¬ 
ited  tlie  altitude  range  of  tlie  RASS  virtual  lempera- 
tiire  measurements  to  about  2  km  A(JL  (May  el  al., 
1988).  Vertical  wind  velocity  can  also  degrade  the 
RASS  mea.surements. 

Tlie  six-channel  microwave  radiometric  system 
mea.sures  radiation  emitted  by  the  atniospliere  from 
the  zenith  direction.  Two  cliannels,  20.6  and 
3l.65GHz,  le.spond  lo  clianges  in  water  vapor  and 
cloud  liquid  water  content.  The  otlier  four  cliannels, 
52.85,  53.85,  55.45,  and  58.80  GHz,  respond  pri- 
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(a)  (b)  (c) 

Figure  8.  Compiirison  of  differences  between  raw  insonde-measured  temperatures  and  lliose  retrieved 
from  a  radiometric  ( — ),  RASS  (-•-)  and  combined  RASS/radiometric  ( — )  system.  Dots  on  y-axis 
represent  every  fourtli  ievel  compared. 


marily  to  temperature  clianges,  altliougli  some  water 
sensitivity  exists  in  tite  lower  two  channels.  Rapidly 
clianging  oxygen  absorption  over  tliis  frequency 
range  permits  detection  of  temperature  clianges  at 
differing  altitude  ranges  for  each  channel,  ranging 
from  the  surface  to  about  7  km  ACJL. 

Rawin.sonde  temperature  soundings  were  pro¬ 
vided  by  the  National  Wentlier  Service  and  tlie  Na¬ 
tional  Center  for  Atmospheric  Research  (Lauritsen 
et  al.,  1987).  Surface  temperature  mea.surements, 
provided  with  tlie  soundings,  were  considered  part 
of  all  three  remote  systems. 

4.  RETRIEVAL  TECHNIQUE 

Since  neither  RASS  nor  radiometers  mea.sure 
temperature  directly,  a  linear  statistical  retrieval 
technique  (Strand  and  West  water,  1968)  was  used 
infer  the  temperature  soundings  from  the  measure¬ 
ments.  Tills  technique  uses  a  history  of  rawinsonde 
data  from  tlie  instrument  locality  to  e.stablish  a  linear 
reiaiionshij?  between  measurements  simulated  from 
the  rawin.sonde  data  and  atmosplieric  temperatures 
at  selected  height  or  pressure  levels.  The  coefficients 
obtained  by  regre.ssing  the  temperatures  on  tlie 
simulated  measurements  are  then  applied  to  the  ac¬ 
tual  measurements  to  produce  a  temperature  e.sti- 
mate  at  each  level. 


For  this  comparison,  85  tropospheric  pres.sure 
levels  were  chosen  to  preserve  the  resolution  of  both 
mea.surement  systems.  Although  the  RASS  and  ra¬ 
diometric  measurements  represent  atmospheric  con¬ 
ditions  below  about  2  and  7  km,  respectively,  apply¬ 
ing  the  retrieval  technique  to  measurements  from 
the  two  systems  and  the  combined  RASS/radiomet¬ 
ric  system  permitted  three-way  comparisons 
throughout  tlie  troposphere. 

4.  DISCUSSION  OF  RESULTS 

During  the  experiment,  22  sets  of  simultaneous 
rawinsonde,  radiometer,  and  RASS  measurements 
were  obtained. 

Tlie  root  mean  .square  (rms)  difference,  mean 
difference,  and  the  standard  deviation  of  the  differ¬ 
ence  between  rawinsonde  temperature  soundings 
and  tho.se  retrieved  from  each  of  tlie  three  systems 
appear  in  Fig.  I  as  a  function  of  pressure  difference 
above  the  surface  (AGL).  The  mean  surface  pres¬ 
sure  for  this  set  of  .soundings  was  842  mb,  with  a 
standard  deviation  of  4  mb.  Subtracting  tlie  vertical 
coordinate  given  in  the  figure  from  842  gives  an  ap¬ 
proximate  value  for  the  absolute  pressure  at  the  level 
in  question.  Tlie  dots  along  the  vertical  axis,  showing 
every  fourth  ievel  retrieved,  iliustrale  tlie  decreasing 
resolution  witli  height  chosen  for  tlie  retrieved  tem¬ 
perature  levels.  The  heights  of  the  RASS  measure¬ 
ments  used  in  this  study  feil  between  approximateiy 
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20  and  250  mb  AOL,  although  most  of  them  fell 
below  about  180  mb  AOL.  In  all  three  graphs,  the 
da.shed  curve  repre.sents  the  radiometric  system,  the 
dot-dash  curve  represents  the  RASS  system,  and 
the  solid  curve  represents  the  combined  system. 

The  radiometric  system  temperatures  agree  bel¬ 
ter  with  tlie  rawinsonde  at  levels  above  and  below 
the  RASS  mea.suremenl  altitudes.  Within  the  RASS 
measurement  region,  the  RASS  temperatures  are 
dramatically  closer  to  the  rawinsonde  temperatures. 
In  fact,  comparisons  at  mandatory  levels  revealed 
that  the  difference  between  RASS  and  rawin.sonde 
at  750  and  700  mb  was  within  the  rawinsonde  tem¬ 
perature  measurement  precision  reported  by 
Hoehne  (1980). 

The  combined  .system  appears  to  outperform 
both  single  .Sy.stems  everywhere  above  the  first  60  mb 
above  the  surface.  Below  this  level,  Fig.  lb  .shows  a 
large  bias  in  tite  RASS  temperatures  that  persists  in 
the  combined  system  temperatures.  Tiiis  bias,  which 
is  probably  due  to  ground  clutter  affecting  the  radar, 
has  .since  been  corrected  (R.  O.  Strauch,  1989). 

Muitivariale  statistical  tests  indicated  that  the 
accuracies  of  the  tiiree  systems  shown  in  Fig.  I  are 
not  sigtiificantiy  different  («  =  0.5).  Tiiis  similarity 
in  performance  raises  some  economic  que.slions. 
The  RASS  atid  radiometric  systems  cost  about  the 
same,  so  a  combiited  system  costs  about  twice  as 
much  as  either  system  alone.  Further,  plans  already 
exist  for  the  deployment  of  a  network  of  wind-pro¬ 
filing  Doppler  radars  in  the  central  United  Stales 
(Chadwick  and  Hassel,  1987).  Adding  the  capability 
of  RASS  operation  to  existing  radars  would  co.sl  con¬ 
siderably  less  than  a  six-channel  radiometric  .sy.stem. 
A  RASS  .sy.stem  involving  these  radars  (404.37 
MUx)  would  suffer  less  acoustic  attenuation  than  the 
one  used  in  this  experiment,  which  should  result  in 
more  accurate  temperature  estimates  at  iiigher  alti¬ 
tudes. 


ACKNOWLEDGMENTS 

This  work  was  supported  in  part  by  the  U.S. 
Customs  Service  under  interagency  agreement 
1X890084,  and  we  are  grateful  for  the  a.ssi.stance  of 
Mr.  Rajiv  Singh  and  Mr.  Tiiomas  Henneberger. 

I  heartily  thank  the  following  groups  of  people 
for  their  contributions  to  the  research  presented 
here; 

R.  H.  Beeler,  M.  T.  Decker,  and  J.  R.  Jordan 
of  the  WPL  Thermodynamic  Profiling  Program  pro¬ 
vided  the  radiometer  measurements.  M.  J.  Falls 


compiled  the  rawinsonde  data  used  in  the  retrieval 
process. 

R.  O.  Strauch,  P.  T.  May,  K.  P.  Moran,  and  D. 
A.  Merritt  of  the  WPL  Wind  Profiler  Research  Pro¬ 
gram  provided  the  RASS  measurements. 

Rawinsonde  data  were  provided  by  R.  McBeth 
and  J.  Mtirpiiy  of  the  National  Center  for  Atmo.s- 
pheric  Research  and  by  the  National  Weather  Serv¬ 
ice. 

REFERENCES 

Chadwick,  R.  B.  and  N.  H.ns.sel,  1987.  Profiler:  the 
next  generation  surface-based  atmospheric 
sounding  .systetn.  Third  International  Confer¬ 
ence  on  Interactive  Information  and  Processing 
Systems  for  Meteorology,  Oceanography,  and 
Hydrology,  Jan.  12-16,  1987,  New  Orleans, 
La.  American  Meteorological  Society.  Boston, 
Mass:  15-21. 

Hoehne,  W.  E.  1980.  Preci.sion  of  National  Weather 
Service  upper-air  measurements.  NOAA  Tech. 
Memo.'  NWS  T&ED-16. 

Laurit.sen,  D.,  Z.  Malekmadani,  C.  Morel,  and  R. 
McBeth.  1987.  The  Cross-chain  Loran  Atmos- 
piieric  SoundingSysleiT)  (CLASS).  Sixth  Sym¬ 
posium  Meteorological  Ob.servations  and  In- 
.strumentation,  Jan.  12-16,  1987,  New  Orleans, 
La.  American  Meteorological  Society,  Boston, 
Ma.ss.,  340-43. 

List,  R.  J.  1963.  Smith-sonian  Meteorological  Tables. 
Wa.shingion,  D.  C.:  Smithsonian  Institution. 
527  pp. 

May,  P.  T.,  R.  0.  Strauch,  and  K.  P.  Moran.  1988. 
The  altitude  coverage  of  temperature  measure¬ 
ments  using  RASS  with  wind  profiler  radars. 
Geophvs.  Res.  Lett.  15  (no.  12):  1381-84. 

May,  P.  T.,  R.  O.  Strauch,  K.  P.  Moran,  and  W.  L. 
Ecklund.  1989.  Temperature  sounding  by 
RASS  with  wind  profiier  radars:  a  preiiminary 
study.  Submitted  to  IEEE  Trans,  (ieosci.  Re¬ 
mote  Sensing. 

Strand,  O.  N.  and  E.  R.  Westwater.  1968.  Minimum 
rms  estimation  of  tire  numerical  .solution  of  a 
Fredholm  integral  equation  of  the  first  kind. 
SIAM  J.  Numer.  Anal.  5:  287-295. 

Strauch,  R.  G.  1989.  Personal  Communication. 


2303 


MEASURING  WINDS  AND  RAINFALL  FROM  SPACE—IUB  RADAR  WIND  SOUNDER  (RAWS) 


R.  K.  Moore  and  W.  Xin 


Radar  Systems  and  Remote  Sensing  Laboratory 
University  of  Kansas  Center  for  Research,  Inc. 

2291  Irving  Hill  Road 
Lawrence  KS  66045-2969,  USA 
913/864-4835 

FAX:  913/864-7789,  TELEX:  706352,  OMNET:  KANSAS. U.RSL 


ABSTRACT 

Measurement  of  winds  aloft  throughout  the  world  is  of 
great  importance  because  computerized  global  weather 
models  use  these  winds  as  major  inputs.  The  scarcity 
of  such  measurements  over  many  parts  of  tlie  world  led 
to  the  development  of  the  laser  wind  sounder  (LAWS) 
for  use  on  Eos.  LAWS  depends  on  the  Doppler  frequency 
shift  of  optical-wavelength  backscatter  from  atmo¬ 
spheric  aerosols,  but  it  cannot  be  used  where  clouds 
interfere.  We  have  conceived  a  radar  wrnd  sensor 

(RAWS)  to  fill  these  gaps  in  LAWS  coverage  by  measur¬ 
ing  the  Doppler  shift  of  backscatter  from  cloud  and 
rain  drops. 

RAWS  must  have  enough  sensitivity  to  measure  Doppler 
shift  of  cloud  drops,  so  it  will  also  have  more  than 
adequate  sensitivity  for  measuring  rain  rates  around 
the  world.  With  the  scan  pattern  proposed,  RAWS  will 
also  obtain  multiple  looks  at  backscatter  from  the 

ocean,  so  it  can  be  used  as  a  surface-wind-vector 

scatterometer  as  well. 

The  proposed  system  will  use  a  circular  scan  pattern. 
This  permits  observation  of  each  point  from  two  direc¬ 
tions.  By  adding  a  second  beam  at  a  different  depres¬ 
sion  angle,  we  can  obtain  two  more  measurements. 
These  four  measurements  of  the  hydrometeors  allow  some 
overdetermination  of  the  wind  vector.  Four  looks  will 
also  be  obtained  for  the  surface-wind-vector 

scatterometer. 

The  magor  obstacles  to  use  of  RAWS  are  ambiguity  in 
Doppler  frequency  measurement,  need  to  rotate  a  large 
antenna  (8-m  diameter  used  in  simulations),  and  need 
for  relatively  high  power  (1-5  kW  peak)  to  measure 
cloud  backscatter.  The  system,  of  course,  cannot  on  a 
single  satellite  obtain  coverage  of  the  globe  on  a 
continuous  basis  at  all  points,  but  it  can  obtain  much 
more  information  about  winds  in  the  tropics  and  polar 
regions  than  is  now  available. 

INTRODUCTION 

Meteorologists  need  global  measurements  of  winds  to 
improve  modeling  of  atmospheric  circulations.  Atlas 
and  Korb  (1981)  stated  these  needs  as: 

1 .  "Wind  measurements  are  more  important  than 
temperature  soundings  vdierever  the  winds  are  not 
in  balance  with  the  mass  field.  This  means  that 
they  are  required  to  faithfully  predict  the 
smaller  scale  systems  at  all  latitudes  and  all 


scales  in  the  tropics.  For  the  larger  scales  in 
mid  latitudes,  temperature  data  are  probably 
more  Important  provided  they  are  accurate  to 

about  ±  1 ° . 

2.  Even  relatively  crude  satellite  wind  data  (e.g., 
CTWs)  show  major  real  differences  (from  analyses 
lacking  such  data)  at  the  higher  levels  in  the 
tropics  and  Southern  Hemisphere,  and  smaller  but 
significant  differences  at  higher  latitudes, 

3.  Forecast  simulations  using  wind  data  in  the 

tropics  and  surface  wind  data  over  the  oceans 
show  significant  increases  in  predictive  skill, 

4.  GCM  simulation  studies  show  that  an  rms  wind 

error  of  2  m/s  is  equivalent  to  an  rms  tempera¬ 
ture  error  of  about  1°  C  outside  -of  the  tropics. 
Thus,  a  wind  system  that  could  achieve  such 

accuracy  would  be  equivalent  to  the  best  that  is 
possible  by  any  passive  temperature  measurement 
system  now  available  or  under  consideration." 

The  Laser  Atmospheric  Wind  Sensor  (LAWS),  one  of  the 
primary  facility  instruments  for  the  Eos  (Earth  Ob¬ 
serving  System)  polar  platform,  aims  at  providing 
winds  aloft  as  called  for.  A  radar  wind  sensor  (RAWS) 
would  serve  the  important  goal  of  filling  gaps  created 
by  heavy  cloud  cover  and  precipitation  in  the  coverage 
of  LAWS  and  passive  temperature  sensors.  These  areas, 
such  as  typically  cloudy  tropical  oceans  and  the 
wintertime  North  Atlantic,  are  important  regions  where 
the  RAWS  can  improve  measurements  significantly. 
Moreover,  the  same  instrument  can  be  used  for  ocean- 
surface  wind-vector  measurement  by  scatterometry, 
thereby  filling  another  gap  without  the  need  for  a 
separate  instrument.  The  RAWS  would  also  allow  rain¬ 
fall  measurement. 

APPROACH 

The  Laser  Atmospheric  Wind  Sensor  (LAWS)  planned  for 
Eos  will  monitor  winds  by  measuring  the  Doppler  shifts 
of  lidar  returns  from  aerosols  in  cloud-free  areas 
(Curran,  1987).  Since  the  lidar  will  be  scanned  in  a 
circular  pattern,  each  point  within  the  circle  will  be 
viewed  from  two  different  directions,  so  two  compo¬ 
nents  of  the  velocity  can  be  measured. 

Our  proposed  Radar  Wind  Sensor  (RAWS)  would  use  a  sim¬ 
ilar  scanning  pattern  to  measure  the  winds  in  the 
cloudy  areas  that  cover  much  of  the  globe.  Water 
drops  of  small  mass  respond  quickly  to  horizontal  wind 
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forces,  so  their  motion  should  trace  the  wind  field. 
The  radar  would  measure  wind  by  determining  the  Dop¬ 
pler  shift  in  the  backscatter  from  rain  and  cloud 
particles  moved  by  wind.  More  than  90\  of  the  rms 
wind  fluctuation  should  be  measurable  from  the  speed 
of  water  droplets  having  diameter  under  3  mm  (Doviak  & 
Zrnic,  1984). 

Frequencies  in  X  band  or  band  are  appropriate  for 
precipitation,  but  clouds  require  higher  frequencies 
because  cloud  drops  are  very  small.  More  power  is 
needed  for  clouds  than  for  rain  alone,  but  this  will 
be  availaole  in  future  unmanned  spacecraft  with  robust 
power  sources.  Ths  power  required  is  comparable  with 
that  for  a  SAR.  A  scaled-down  RAWS  that  would  work 
only  in  areas  with  rain  exceeding  0.5  mm/hr  and  would 
not  profile  winds  in  clouds  could  be  built  with  a 
power  level  of  the  order  of  100  W  peak  and  a  much 
smaller  antenna. 

A  radar  witli  enough  sensitivity  to  nvjasure  Doppler 
shifts  in  rain  would  also  be  sensitive  enough  to 
measure  rain  rate  and  surface  winds  over  the  oceans. 
Thus  the  RAWS  could  provide  capabilities  tot 

a.  Supplement  LAWS  by  measuring  mean  Doppler  fre¬ 
quency  to  determine  winds  aloft  in  cloudy  re¬ 
gions. 

b.  Provide  rainfall-rate  measurements  by  measuring 
signal  strength  in  rain. 

c.  Provide  measurements  in  lieu  of  or  in  addition 
to  those  associated  with  a  specialized  ocean- 
surface  wind-vector  scatterometer  such  as  the 
SCATT  facility  instrument  planned  for  Eos. 

THE  RAWS  CONCEPT 

The  RAWS  would  use  a  circular  scan  pattern  like  that 
of  LAWS  and  the  one  proposed  for  a  surface-wind  scat¬ 
terometer  [Kirlmoto  and  Moore,  1985;  Moore  et  al., 
1988].  With  a  single  scanning  beam,  each  point  on  the 
surface  or  in  the  cloud  would  l3e  seen  from  two  direc¬ 
tions.  However,  use  of  another  beam  at  a  different 
angle  of  Incidence,  as  in  Kirlmoto  and  Moore,  would 
permit  measurements  from  four  directions  for  each 
point.  The  scan  pattern  on  and  near  the  surface  would 
take  the  form  of  concentric  circles  as  shown  in  Fig. 
1.  Of  course,  forward  motion  of  the  satellite  con¬ 
verts  these  into  spirals.  We  could  achieve  the  dual 
beam  by  dual  feeds  in  a  reflector  antenna  or  by  a 
suitably  designed  array.  We  propose  that  the  angles 
of  incidence  on  cloud  and  surface  be  30°  and  35°.  The 
four  looks  at  each  point  provide  redundancy  to  Improve 
accuracy. 

The  Doppler  frequency  is  given  by 

*  2(Uj,-u^)«R/R, 

where  is  the  spacecraft  velocity  vector  and  Uj^  is 
the  hydrometeor  velocity  vector,  while  R  is  the  vector 
from  the  spacecraft  to  the  volume  observed.  The 
scalar  product  is  different  for  each  viewing  angle. 
Hence  one  may  solve  three  simultaneous  equations  to 
obtain  the  three  components  of  Uj,,  presuming  that  u^ 
is  known.  The  fourth  measured  Doppler  frequency 
results  in  overdetermination  of  that  can  improve 
the  estimate  of  its  value.  Thus,  both  the  wind  and 
the  fall  rate  of  raindrops  may  be  determined. 

The  range  resolution  will  be  adequate  to  allow  profil¬ 
ing  the  winds  to  a  height  resolution  better  than  1.7 
km.  This  depends  on  vertical  beamwidth  of  the  antenna 


Fig.  1  Scanning  pattern  for  RAWS.  Each  point  within 
the  inner  circle  is  observed  from  four  directions 
(t  Y1  and  t  T2).  Points  outside  the  inner  circle 
are  seen  only  from  two  directions'.  The  ground 
pattern  is  a  spiral  because  of  satellite  motion. 

and  maximum  angle  away  from  vertical  (35*  in  the 
reference  design).  For  35°  at  the  surface,  an  8-m 
antenna  at  35  GHz  gives  about  1300-m  vertical  resolu¬ 
tion  and  at  10  GHz  about  2300  m,  assuming  use  of  a 
2  PS  pulse.  For  hydrometeors  where  attenuation  does 
not  eliminate  use  of  35  GHz,  therefore,  1300-m  resolu¬ 
tion  can  be  achieved  at  35°. 

Parameters  proposed  for  RAWS  in  our  preliminary  stud¬ 
ies  are  shown  in  Table  1 . 


Table  1.  Preliminary  System  Parameters  for  RAWS 
Frequency  (GHz)  10  35.5 

Orbit  altitude  (km)  400 

PRF  (Hz)  4000 

Peedt  transmitted  power  (W)  1000 

Chirp  gain  12.5 

Compressed  pulse  width  (Ss)  2 

Antenna  aperture  (m  high  x  m  wide)  4x8 

Antenna  gam  (dB)  56  67 

Beamwidth  (mrad  vert  x  mrad  hor)  7.5x3.75  2.10x1.06 

Footprint  (km  radial  x  km  cross)  1.8x2. 2  0.50x0.62 
Vertical  resolution  (km)  2.3  1.3 

Doppler  (satellite  motion) (max  MHz)  0.29  1.02 

Bandwidth  due  to  beamwidth  (kHz)  1.88 

Radial  velocity  resolution  (m/s) _ 1 _ 


TECHNICAL  CHALLENGES 

The  most  difficult  technical  challenges  in  the  RAWS 
design  are: 

1.  Obtaining  adequate  sensitivity  for  clouds. 
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2«  Determination  of  Doppler  centroid, 

3,  Provision  of  a  suitable  antenna  scan. 
POWER  AMD  SENSITIVITY 


Even  though  10  GHz  is  not  useful  for  clouds,  it  is 
required  for  heavy  rain,  where  the  attenuation  is 
significantly  more.  This  was  demonstrated  in  the  JPL 
TRHM-radar  study  [Im  et  al.,  1987}. 


The  key  power  problem  is  for  clouds.  A  radar  such  as 
this  would  be  useful  if  it  only  measured  winds  in 
rain,  but  its  value  would  be  much  greater  if  winds  in 
the  interior  of  clouds  could  be  measured.  If  we  have 
enough  sensitivity  for  clouds,  the  signal-to-noise 
ratio  (SNR)  will  be  high  for  rain  (neglecting  attenua¬ 
tion,  which  we  also  considered),  and  very  high  for 
surface  backscatter. 

We  calculated  power  requirements  using  standard  cloud 
models  for  a  few  simple  examples.  Figure  2  shows  the 
SNR  for  a  water  cloud  wit)x  mean  drop  radius  of  10  ym 
vs  depth  in  the  cloud,  using  the  parameters  of  our 
reference  design.  Clearly  10  GHz  is  not  useful  for 
clouds.  The  SNR  exceeds  0  dB  at  3S.S  GHz  for  depths 
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Fig.  2  Calculated  SNR  for  RAWS  with  cloud  having  100 
drops/cm^  and  density  of  0.95  g/m^. 
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Fig.  3  Calculated  SNR  for  RAWS  at  depth  of  1  km  in 
cloud  at  0“  C  and  100  drops /cm^  vs  mean  drop  radius. 

up  to  5  km  into  the  cloud,  which  should  be  useful. 
For  thinner  clouds  with  smaller  drops,  the  RAWS  would 
not  work  without  excessive  transmitter  power.  Figure 
3  illustrates  this  by  showing  the  effect  of  mean  drop 
radius  on  SNR. 


DETERMINATION  OF  DOPPLER  CENTROID 

To  measure  the  Doppler  centroids  for  clouds  and  rain 
we  must  have  a  reference.  The  Doppler  centroids  for 
surface  echoes  can  provide  this,  otherwise  the  small 
Doppler  shifts  due  to  wind  would  be  lost  in  changes  in 
the  Doppler  shifts  due  to  spacecraft  attitude  changes. 
Hence,  RAWS  must  measure  both  surface  and  hydrometeor 
echoes  and  use  the  difference  in  their  centroids  to 
estimate  the  wind  velocity. 

The  Doppler  frequencies  associated  with  the  turbulent 
motion  and  the  spread  of  the  beam  form  a  spectrum  of 
considerable  width.  The  RAWS  must  measure  the  cen¬ 
troid  of  this  spectrum  and  remove  the  effect  of  space¬ 
craft  motion.  Methods  for  measuring  the  Doppler 
centroid  for  rain  echoes  with  ground-based  radars  have 
been  widely  treated  (Doviak  and  Zrnic,  1984).  Prelim¬ 
inary  simulations  indicate  that  the  pulse-pair  and 
traditional  FFT  method  both  have  promise. 

At  30°  and  10  GHz  the  center  frequency  of  a  stationary 
surface  echo  would  vary  from  -250  kHz  through  zero  to 
+250  kHz  during  a  circular  scan.  Since  orbital  param¬ 
eters  are  wellL  known,  a  local  oscillator  can  be  pro¬ 
grammed  to  estimate  the  center  frequency.  Even  so, 
the  tracking  problem  would  not  be  trivial,  since  the 
center  frequencies  for  the  surface  and  rain  spectra 
must  be  located  to  within  about  0.3%  of  their  band¬ 
width  or  .027%  of  their  absolute  value.  Hence,  track¬ 
ing  of  the  surface  echo  is  essential  to  compensate  for 
small  errors  in  orbital  and  attitude  determinations. 

One  approach  we  are  considering  would  use  a  CW  signal 
near  the  10-GHz  pulse-radar  frequency.  Because  the 
bandwidth  for  this  would  be  narrow,  it  could  use  very 
low  power.  Except  for  the  very  heaviest  rainfall, 
this  signal  would  be  dominated  by  surface  return,  so 
it  could  serve  to  measure  the  effect  of  pointing  and 
position  uncertainties.  For  this  we  are  considering  a 
third-order  phase- locked  loop  and  a  Kalman  filter. 

Another  problem  in  Doppler-frequency  measurement  is 
ambiguity.  To  avoid  range  ambiguities,  the  PRF  cannot 
exceed  4  kHz.  At  35  GHz,  one  needs  a  sampling  rate  of 
12  kHz  to  satisfy  the  Nyquist  sampling  criterion,  we 
are  considering  several  approaches  to  solve  this 
problem,  which  is  common  in  ground-based  weather 
radars  [Doviak  and  Zrnic,  1984].  One  method  is  the 
staggered-PRF  approach  used  in  HTI  radars  (Ludloff  and 
Hinker,  1985).  Another  approach  is  to  transmit  suc¬ 
cessive  pulses  on  adjacent,  but  independent,  frequen¬ 
cies.  Other  solutions  being  studied  are  phase  diver¬ 
sity  [Zrnic  and  Hahapatra,  1985;  Sachidananda  and 
Zrnic,  19861  and  polarization  diversity. 

ANTENNA 

RAWS  calls  for  a  large  antenna  both  to  achieve  suit¬ 
able  veritcal  resolution  at  35°  and  to  keep  power 
requirements  within  practical  ranges.  Antennas  as 
large  as  IS-m  diameter  have  been  designed  for  use  with 
frequencies  up  to  K^  band  [Campbell  S  Belvin,  19851. 
A  large  array  may  also  be  used. 

Once  an  antenna  has  been  selected,  one  must  consider  a 
scan  rate  that  will  allow  adequate  dwell  time  to 
achieve  the  required  measurement  precision.  He  have 
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considered  this  problem,  but  do  not  discuss  It  here 
for  reasons  of  brevity.  The  other  part  of  the  scan 
problem  Is  to  achieve  the  four  looks  at  each  point  In 
a  grid  suitable  for  forecasting.  To  combine  the  scan 
rate  problem  with  this  geometric  problem  will  require 
analysis  yet  to  be  done. 

CONCLUSION 

Preliminary  analysis  and  simulation  show  that  a  radar 
on  a  low-earth-orblt  satellite  can  be  used  to  measure 
winds  aloft,  rain  rates,  and  at  the  same  time  measure 
surface  scattering  needed  to  obtain  estimates  of  sur¬ 
face  winds  at  sea.  This  radar  wind  sensor  (RAWS) 
would  be  a  useful  complement  to  the  laser  sensor 
(LAWS)  planned  for  Eos.  Combining  the  two  would  allow 
sampling  the  wind  fields  both  in  the  clear  areas 
accessible  to  LAWS  and  the  important  cloudy  ones 
accessible  only  to  RAWS. 

With  a  peak  power  of  1  kw,  RAWS  can  measure  In  fairly 
dense  clouds  (10  un  mean  drop  radius)  and  In  essen¬ 
tially  all  rains.  It  requires  a  large  antenna,  but 
not  one  so  large  as  to  be  infeasible.  Major  technical 
problems  Include  several  dealing  with  Doppler-centrold 
measurement  and  tracking  the  surface  echo  and  others 
related  to  the  scan  pattern.  The  latter  were  not 
treated  here. 
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I.  INTRODUCTION 

Because  of  the  varied  manifestations  and 
applications,  the  dynamics  of  air  and  water-vapour 
mixture  have  received  lot  of  attentions.  Over  the 
last  two  decades,  numerous  research  efforts  were 
tried  to  show  that  both  large  and  small  scale  wave 
motions  have  played  a  significant  role  in  determining 
the  circulation  and  structure  of  the  middle  atmos¬ 
phere.  Theoretical  and  observational  studies  have 
performed  to  establish  that  the  gravity  waves  and 
tidal  motions  are  able  to  transport  momentum  and 
energy  over  considerable  distance  (Hines,  I960). 
Such  motions  may  produce  a  variety  of  Important 
effects  as  they  can  attain  a  large  ampl)  tudes  in  the 
middle  atmosphere.  Recent  use  of  very  high  resolution 
microwave  and  acoustic  radars  have  shown  the  exist¬ 
ence  of  a  wide  variety  of  fine  scale  turbulent 
scatter  layers.  The  scatter  layers  often  undulate  in 
response  to  stable  gravity  waves. 

Gravity  waves  have  been  observed  to  cause  short 
term  tilting  of  turbulent  layers  (Hooke  and  Hardy, 
1975)  and  specularly  reflecting  layers.  In  both  the 
cases,  the  effect  is  a  wavelike  deformations  of 
atmospheric  layers  with  a  period  of  a  few  minutes 
accompanied  by  a  varying  amplitude  and  frequency. 
Experiment  with  constant  pressure  balloons  (instru¬ 
mented)  have  provided  significant  results  on  the 
morphology  of  gravity  waves  and  turbulence  as  well 
as  their  consequences  for  mixing  in  the  stratosphere. 
The  direct  evidence  of  turbulence  due  to  gravity 
wave  motions  in  the  lower  atmosphere  is  provided  by 
observations  of  Lilly  and  Lester  (1979).  They  noticed 
that  the  wave  amplitudes  as  well  as  turbulence 
intensities  increased  to  a  maximum  near  17  kns, 
corresponding  to  a  level  of  minimum  mean  wind. 

Analysis  of  sodar  echograms  for  a  period  of 
one  year  (April  1986  -  March  1987)  shows  the  occurr¬ 
ence  of  wave-motions  (simple/complex)  in  planetary 
boundary  layer  at  Calcutta.  These  oscillations  are 
mostly  occur  in  the  boundary  layer  under  conditions 
uf  iiuctui  tiax  taulative  li'tvei  sloh,  asceriCtiug  inversion 
and  frontal  wind  shear.  The  scope  of  the  present 
paper  is  limited  over  studying  the  various  types  of 
waves  observed  on  sodar  echograms  under  varying 
atmospheric  conditions  at  Calcutta.  An  attempt  has 
been  made  to  oo  -late  some  of  the  characteristic 
features  of  a  f  days  wave  perturbations  with  that 
of  the  surface  I'ta  nrevailing  during  that  time. 
Spectral  analysl«  and  autocorrelation  techniques 
have  used  to  calc  ate  the  frequency  and  periodicity. 


II.  SODAR  SIGNATURES  OF  BOUNDARY  LAYER  BEHAVIOURS 

The  acoustic  sounding  technique  provides 
interaction  of  acoustic  waves  with  the  wind  velocity 
and  thermal  turbulent  structure  of  the  lower  atmos¬ 
phere.  Remote  sensing  technique  that  offers  conti¬ 
nuity  in  both  space  and  time  has  been  extensively 
used  to  probe  the  miorostructure  of  the  planetary 
boundary  layer.  The  continuously  operated  monostatic 
sodar  at  ISl  indicates  the  various  mlcrometeorologi- 
cal  and  raeso-meteorological  conditions  surrounding 
the  sodar  site.  Percentage  of  occurrence  of  various 
atmospheric  structures  over  one  year  period  (April 
1986  -  March  1987)  is  shown  in  flg.(l).  The  stable 
structures  occur  normally  at  night  and  is  about  66% 
and  the  unstable  structure  which  occur  mostly  after 
sunrise  is  about  38%.  The  mixed  structu.res  of  plumes 
capped  by  an  inversion,  representing  the  morning 
transition,  is  about  9%  only. 

Fig.1.  Percentage  occurrence  of  various 
atmospheric  structures. 

The  morning  echogram  shows  a  surface  based 
layer  due  to  solar  heating  of  the  ground.  Slowly 
build-up  convective  wind  develops  a  mixed  boundary 
layer  which  erodes  the  morning  stable  inversion 
upwards  from  the  surface.  With  continued  solar 
heating,  the  height  and  frequency  of  occurrence  of 
convective  plumes  increase  and  become  maximum  around 
the  noon.  The  plumes  disappear  completely  within 
dusk  and  short-ranged  strong  echoes  having  abrupt 
but  almost  uniform  upper  limits  begun  to  appear. 
This  type  of  stable  structure  were  mostly  observed 
within  the  height  range  of  200-300  m  above  ground. 
Such  inversions  are  formed  largely  by  the  transfer 
of  heat  down  towards  the  ground  which  is  being 
cooled  radlatlvely.  During  night  predominantly 
horizontal  echo  regions  (shear  echoes)  impervious  to 
vertical  transport  are  observed.  The  night  time 
atmospheric  structures  have  a  high  degree  of  vari¬ 
abilities  showing  presence  of  ground-based  layer  of 
variable  thickness,  the  appearence  of  highly  variable 
multiple  iaye.-s,  the  wave-motions  within  ana  above 
the  inversion  and  turbulence  structure.  All  these 
contribute  towards  the  maximum  atmospheric  variabi¬ 
lity  at  night. 

The  formation  of  waves  enable  one  in  studying 
the  dynamics  of  boundary  layer.  Waves  and  perturba¬ 
tions  [rig. 2)  have  been  noticed  many  a  times  on  the 
sodar  echograms  under  stable  atmospheric  conditions. 
These  undulations  are  mostly  quaslperiodic  in 
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structure  of  simple  and  complex  type  and  have  large 
periods.  The  amplitude  of  these  waves  are  generally 
around  80  meters  peak  to  peak.  These  are  observed 
both  at  the  top  of  the  surface  based  layer  or  super¬ 
posed  on  the  elevated  layer  occuring  mostly  during 
the  late  night.  The  wave  motions  may  characterise 
calm  or  light  wind  conditions  [rig.?(b)],  or  with 
herringbone  type  [flg.a(o)]  and  for  strong  wind 
shear  [fig. 2(d)]. 

Fig. 2.  Sodar  structure  showing  wave  motions 
in  a  stable  condition. 

III.  SODAR  CHARACTERISTKS  OF  WAVE  PERTURBATIONS 

Gravity  waves  are  the  low  frequency  transverse 
atmospheric  waves.  These  waves  owe  their  existence, 
mathematically,  to  the  presence  of  gravity  terms  in 
the  equation  of  motion.  Although  our  knowledge  of 
the  climatological  conditions  of  gravity  waves  is 
very  limited,  there  is  enough  evidence  to  suggest 
that  they  are  present  for  a  substantial  span  of  time 
in  the  atmosphere.  Analysis  of  sodar  echograms 
observed  over  Calcutta,  during  the  period  of  April 
'86  -  March  '87  reveal  some  characteristics  of  these 
wave  perturbations  and  we  have  observed  12  occasions 
of  wave  like  structure  superimposed  on  the  stable 
nocturnal  radiative  inversion.  These  perturbations 
over  Calcutta  are  mostly  observed  around  mid-night 
and  in  early  morning  hours  and  are  always  associated 
with  ground-based  or  elevated  Inversions.  Also  it 
has  observed  that  they  are  generally  formed  during 
the  winter  months  when  the  strong  nocturnal  radiative 
inversions  are  developed  and  in  premonsoon  season 
when  a  large  number  of  thunderstorm/norwesters  are 
usually  prevail  over  this  coastal  station. 

Of  the  different  categories  of  oscillating 
phenomena  recorded  on  sodar  echogram  the  oscillations 
of  wave  motions  in  the  atmospheric  boundary  layer 
can  be  classified  as  due  to  (i)  nocturnal  radiative 
inversion,  (li)  ascending  inversion,  and  (iii)  a 
front  that  occurs  during  the  passage  of  a  dustorm, 
thunderstorm,  tornado  and  severe  fog  cloud  etc.  For 
meteorological  significance,  it  is  necessary  for 
gravity  waves  to  propagate  horizontally  without 
rapidly  transmitting  their  energy  to  a  great  heights. 
Theoretically  this  requires  more  than  a  low  level 
inversion.  Rather,  a  thermally  stable  lower  tropos¬ 
phere  must  be  bounded  above  by  a  statically  unstable 
region  that  reflects  vertically  propagating  energy. 
Further,  there  must  be  a  level  in  the  unstable 
region  where  the  wind  velocity  is  approximately 
equal  to  the  phase  speed  of  the  ducted  wave.  Several 
emperical  studies  have  related  gravity  wave  like 
phenomena  to  thunderstorm  initiation.  The  most 
convincing  example  has  been  given  by  Uccellinl ( 1975) . 

Regarding  the  statistics  of  the  gravity  wave 
like  motions  [fig. 2]  it  has  been  observed  that  out 
of  12  cases,  about  30%  are  noticed  on  thunderstorm 
days  in  this  region.  Most  of  these  perturbations  are 
associated  with  single  frequency  but  there  are  few 
cases  when  multiple  frequencies  are  involved.  On 
thunderstorm  days,  the  amplitude  and  time-period 
(12-15  minutes)  are  of  greater  value.  Generally  the 
periodicity  vary  from  *t  to  15  minutes  in  this  region. 
Usually  these  waves  are  appeared  on  sodar  echogram 
for  a  small  duration  typically  3-A  cycles  only.  Some 
of  these  structure,  are  correlated  with  the  surface 
data  for  wind  volocitv  and  pressure.  Results  of 
their  power  spectral  density  and  autocorrelation 
analysis  are  discussed  in  the  next  section. 


IV.  ANALYTICAL  STUDIES  OF  WAVE  PATTERNS 

The  results  of  analytical  studies  of  wave 
perturbations  of  a  few  days  records  are  given  in  the 
Table  I.  Values  of  the  wave  periods  noted  from  sodar 
echograms,  autocorreiograms  and  power  spectral 
density  plots  are  listed  in  the  above  table  for 
comparlslon.  Also  the  results  of  the  meteorological 
conditions  at  the  nearest  sodar  site  and  fluctuating 
components  of  surface  wind  velocities  and  surface 
pressure  at  the  nearest  point  are  included  in  the 
same  tabli  i  erturbations  of  pressure  if)  and  wind 
velocity  (  attain  large  values  during  the  time  of 
wave  perturbations  on  the  above  days. 

For  analysis  purposes  we  have  taken  the  sodar 
structure  for  Ibth  Feb.  ,  7th  Hay,  28th  Hay  and  19th 
Nov.  of  1986.  The  plot  of  power  spectral  density, 
autocorrelation,  surface  wind  and  pressure  fluctua¬ 
tions  for  the  wavemotions  of  the  above  dates  are 
shown  in  fig.(3)-(5).  The  wave  perturb'atlons  on  7th 
May  1986  are  noticed  around  0500  1ST  and  the  height 
range  of  the  propagating  wave  lies  between  100-250  m. 
The  nature  of  the  wave  is  a  complex  one  and  spectral 
analysis  reveals  multiple  frequencies.  The  spectral 
plot  of  the  above  dates  are  shown  in  fig.  (3).  The 
dominant  frequencies  as  calculated  from  the  spectral 

analysis  are  600  juHz  and  1200  jjHz.  The  periodicity 
of  the  order  of  5A  minutes.  A  thunderstorm  was 
recorded  on  the  midnight  and  prior  to  the  above 
oscillations.  The  morning  radiosonde  data  at  India 
Meteorological  Department,  Dum  Dum  which  is  about 
1 .5  km  from  sodar  site  indicates  a  sharp  increase  in 
dry  bulb  temperature  and  a  fall  of  humidity  of  about 
5%.  The  surface  records  of  pressure  and  wind  velocity 
as  shown  in  fig. (5)  indicate  an  enhancement  of 
pressure  by  2  mb  and  wind  velocity  by  5  kmph. 

Fig. 3.  Spectral  plot  of  wave  perturbations  on 
different  dates. 

The  examination  of  the  achogram  in  fig. 2(c) 
shows  that  on  18-19  Nov.  1986  data,  prior  to  wave 
perturbations  which  occurred  from  OA3O  to  0530  1ST 
there  was  no  ground  based  inversion.  The  peak  to 
peak  amplitude  of  wave  perburbations  corresponds  to 
about  50  ra  only  and  are  superposed  on  a  very  shallow 
Inversion  layer.  Wave  motions  are  almost  sinusoidal 
in  nature  and  the  peaks  are  vary  distinct.  The 
spectral  analysis  as  shown  in  fig. (3)  also  indicates 
a  single  frequency  of  3.5  mHz  and  the  periodicity  as 
calculated  from  the  autocorrelation  indicates  a 
period  of  A. 2  minutes.  The  corresponding  radiosonde 
data  for  morning  flight  (0515  1ST)  shows  a  slight 
increase  of  atmospheric  temperature  and  slight  fall 
of  h.imidity  at  the  higher  altitude.  The  surface 
records  of  pressure  and  wind  velocity  indicate  an 
increase  in  pressure  of  about  1  mb  and  sharp  fluctua¬ 
tions  of  wind  velocity  from  A  to  10  kmph. 

Fig. 4.  Auto  correlation  plot  of  sodar 
structures  on  different  dates. 

A  similar  analysis  has  been  made  for  the  sodar 
structure  on  14th  Feb.  1986  and  28th  Hay  1986.  The 
dominant  frequencies  as  calculated  are  3,'  mHz  and 
720  juHz  respectively  and  the  periodicity  are  5 
minutes  and  5.4  minutes. On  28th  Hay  a  severe  thunder¬ 
storm  was  recorded  at  night  and  the  wind  speed 
attained  is  60  kmph.  According  to  Beer.  (1974)  uniform 
sinusoidal  oscillations  lying  within  the  narrow 
bands  of  periods  (5-10  munites)  should  be  essentially 
tropospheric  gravity  waves,  irregular  fluctuations 
with  periodicities  15-60  minutes  may  be  due  to 
convection  and  influence  of  the  meteorological 
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disturbances.  Also  these  oscillations  in  the  early 
morning  hours  may  be  followed  a  reversal  of  land  and 
sea  breeze  in  this  region.  The  sea  breeze  starts  in 
the  early  morning  and  persists  only  for  3  to  b  hours 
over  this  region  sometimes  noticed  during  premonsoon. 

Fig. 5.  Plot  of  surface  wind  and 
pressure  fluctuations. 

The  analysis  also  shows  that  during  the  period 
of  wave  undulations  there  is  a  considerable  increase 
of  ground  pressure  and  wind  velocity.  This  suggests 
peopagating  waves  in  the  atmosphere.  Hooke  et.al 
(1973)  concentrated  their  attention  on  one  gravity 
wave  went  recorded  by  both  microbarographs  and 
acoustic  sounders  and  concluded  that  the  generation 
of  this  gravity  wave  could  be  attributed  to  a  numeri¬ 
cally  unstable  wind  shear  layer  in  the  planatary 
boundary  layer. 
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Type  of  data 
SODAR  DATA 


TABLE  1  :  Summary  of  observed  and  computed  data  for  the  four  days  wavemotions. 


Date 

Time  (1ST) 

Weather  condition 


(April  1986  to  March  1987) 


19  February 

0295-0395 

Clear  sky, mild 
wind  condition 


07  May 
0500-0630 
Thunderstrom 
with  rain  on  6th 


28  May 

2330-2930 

Thunderstorm 
around  2300  1ST, 


night  then  cloudy,  mild  wind  speed. 


19  November 

0930-0500 

Clear  sky  with 
strong  wind. 


RADIOSONDE  & 
SURFACE  DATA 


Surface  wind  velocity 
Velocity  riuctuation(av) 
Pressure  fluctuation  <oP) 
Surface  temperature  change 
Surface  humidity  change 


09  kmph 
almost  nxi 
♦0.8  mb 
-1 .0*C 
*6% 


1 1  kmph 

Sharp, 5“ n  kmph 

+2.5  mb 

♦i.o’c 

-5% 


15-20  kmph 
Sharp,  6-15  kmph 
+2.5  mb 

-1.5“C 

-3% 


10  kmph 

Sharp, 9-10  kmph 
♦1.0  mb 
♦0.5*C 
-5% 


COMPUTED 

VALUES 


Dominant  frequency 
Periodicity 
Nature  of  wave 


3.1  mHz 
5  minute 
Periodic 


0.95  4  1.2  mHz  0.36  4  0.68  mHz  9.1  mHz 
About  59  minute  About  28.6  minute  9.2  minute 

Complex  Complex  Periodic 


(c)  Strong  wind 

condition  7/5/86 
(0200-0630) 


(d)  Very  strong  wind 
condition 
27/28  Hay  i986 

(2300-0300 ) 


Fig.  2  Sodar  structure  showing  w^nve  motions  in  a  stable  condition. 


jsnod  aqnioeqv  Absolute  power  (arbitary  unit) 
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Abstract 

The  Labrador  Extreme  Wave  Experiment  (LEWEX) 
was  a  comprehensive  international  experiment  whose  pur¬ 
pose  was  to  compare  directional  ocean  wave  spectra  ob¬ 
tained  from  a  variety  of  sources.  Over  a  seven  day  pe¬ 
riod,  from  13  through  19  March  1987,  directional  spec¬ 
tra  were  estimated  simultaneously  and  coincidcutly  from 
as  many  as  12  shipboard  and  aircraft  sensors.  Subse¬ 
quently,  using  a  common  hindcast  wind  field,  nine  wind 
wave  models  (two  first  generation,  four  second  genera¬ 
tion,  and  three  third  generation)  have  alt  yielded  addi¬ 
tional  estimates  of  the  directional  spectrum.  At  some 
epochs,  more  than  40  simultaneous  estimates  now  exist 
at  adjacent  wave  model  grid  points.  Spectral  estimates 
from  a  number  of  LEWEX  participants  have  now  been 
merged  into  a  single  common  data  base,  and  the  pre¬ 
liminary  results  show  a  number  of  interesting  patterns 
which  may  further  stimulate  debate  concerning  not  only 
the  improved  accuracy  of  recent  third  generation  wave 
models,  but  also  the  potential  role  of  spaceborne  syn¬ 
thetic  aperture  radar  for  updating  and  improving  wave 
model  predictions.  Three  sets  of  meteorological  condi 
tions  which  occurred  during  LEWEX  have  proven  to  be 
especially  valuable  for  revealing  subtle  differences  among 
both  the  wave  models  and  the  wave  sensors  (both  in 
situ  and  remote);  1)  a  rapidly  evolving  wave  field  asso¬ 
ciated  with  a  well  developed  low  pressure  system  that 
passed  through  the  region  on  the  13th  and  the  14th,  2) 
two  directly  opposing  wave  systems  with  nearly  identi¬ 
cal  dominant  wavenumbers  that  were  incident  upon  the 
site  on  the  15th  and  16tli,  and  3)  a  remotely-generated 
swell  system  that  encountered  a  regenerating  wind  field 
enroute  to  the  site  on  the  17th  and  18tli. 

Introduction 

LEWEX  was  an  international  effort  to  assess  methods  of 
measuring  and  modelling  the  directional  a.,pects  of  wind  gen 
erated  ocean  waves,  especially  their  evolution  in  the  presence  of 
rapidly  turning  winds  (Bales,  et  ah,  1987).  The  main  data  gath 
ering  period  of  LEWEX  occurred  from  13  through  19  March 
1987,  and  was  supported  by  a  large  number  of  ship  and  aircraft 
based  estimates  of  the  directional  wave  spectrum.  In  addition, 
directional  spectra  were  estimated  by  a  total  of  six  first,  second, 
and  third  generation  wave  models  (using  their  own  separately 
determined  wind  fields)  and  then  hiridcasted  by  these  same  six 


models  plus  three  others  (using  a  common  hindcast  wind  field). 

The  LEWEX  site  was  located  in  the  southern  Labrador  Sea 
(Figure  1),  centered  on  two  adjacent  “first  generation”  model 
grid  points  (SON,  47.5W,  and  50N,  45W).  The  Canadian  re¬ 
search  vessel  QUEST  was  located  at  47.5W  from  15  through 
19  March.  The  Dutch  researcli  vessel  TYDEMAN  was  located 
at  45W'  from  14  through  18  March.  The  TYDEMAN  joined  the 
QUEST  on  19  March  for  sensor  intercomparisons  in  a  common 
sea.  Both  vessels  obtained  estimates  of  the  directional  wave 
spectrum  using  drifting  buoys,  moored  buoys,  and  standard 
navigation  radars. 

Independent  estimates  of  directional  spectra  were  also  ob¬ 
tained  with  three  mreraft  radar  sensors:  the  NASA  surface 
contour  radar  (SCR),  the  NASA  radar  ocean  wave  spectrome¬ 
ter  (ROW:  ),  and  the  CCRS  C-band  synthetic  aperture  radar 
(SAR).  Aircraft  estimates  of  the  spectrum  were  obtained  by  at 
least  one  of  tlie  three  sensors  on  six  of  seven  days  between  13 
and  19  March.  All  three  sensors  obtained  estimates  over  both 
grid  points  on  14  and  17  March,  and  two  of  the  three  obtained 
estimates  over  both  grid  points  on  16  and  18  March.  On  13 
and  19  March,  only  the  SAR  obtained  estimates,  and  only  over 
the  western  grid  point. 

Several  numerical  wind  wave  models  were  providing  rou¬ 
tine  predictions  of  directional  wave  spectra  in  the  North  At¬ 
lantic  during  March  1987:  the  “first  generation”  U.S.  Navy 
Global  Spectral  Ocean  Wave  Model  (GSOWM),  the  “second 
generation”  British  Meteorological  Office  (BMO)  model,  and 
the  “third  generation”  European  Centre  for  Medium  Range 
Weather  Forecasts  (ECMWF)  WAM  model.  In  addition,  a  tai¬ 
lored  forecast  for  the  LEWEX  region  was  provided  by  Ocean- 
weather,  Inc.,  of  Cos  Cob,  Conn.,  using  the  ODGP  (Ocean 
Data  Gathering  Program)  first  generation  wave  model.  Subse¬ 
quent  to  the  experiment,  the  HYPA  model  in  Spain  has  been 
driven  by  the  BMO  wind  fields,  and  the  French  Met  Office  has 
driven  their  VAG  model  with  the  ECMWF  wind  fields.  Thus, 
at  least  six  wave  models  have  been  driven  by  four  independent 
estimates  of  the  wind  field. 

Also  subsequent  to  LEWEX,  a  new  “common”  w.nd  field 
was  created  by  Oceanweather,  Inc.,  using  a  subjective  blend 
of  all  the  available  siiip  reports  and  buoys.  This  common 
LEWEX  wind  field  was  used  to  drive  each  of  the  above  six 
models  and  three  additional  ones,  a  second  generation  N OA A 
model,  a  third  generation  NASA/GSFC  model,  and  a  thiid  gen 
oration  BIO  (Bedford  Institute  of  Oceanography)  model.  The 
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Figure  1:  LEVVEX  ship  locations  and  ice  edge,  March  1987. 


BIO  model  was  run  with  and  without  modelling  of  the  ice  in 
the  region  of  LEWEX.  The  results  included  here  incorporate 
this  modelling;  the  spectra  calculated  without  consideration 
of  the  ice  edge  were  nearly  identical  to  those  calculated  with 
the  WAM  model.  The  common  wind  field  was  not  necessarily 
the  “correct”  wind  field,  since  it  was  based  on  only  a  sparse 
set  of  surface  measurements  Nevertheless,  it  closely  approx¬ 
imated  the  actual  wind  field  dynamics  that  occurred  during 
LEWEX,  and  it  has  been  most  useful  for  revealing  subtle  dif¬ 
ferences  among  the  models.  Nine  wave  models  have  been  driven 
with  the  LEWEX  common  winds. 

Although  the  data  gathering  period  of  LEWEX  began  on 
13  March,  the  common  wind  field  began  at  1200Z  on  9  March 
to  allow  sufficient  startup  time  for  each  of  the  models.  For 
safety  reasons,  the  aircraft  and  ship  sensors  (except  for  two 
moored  buoys,  one  each  at  the  QUEST  and  the  TYDEMAN) 
were  constrained  to  measure  only  during  daylight  hours.  F\ir- 
thermore,  operational  wave  forecasts  are  usually  issued  at  six 
hour  intervals  centered  on  OOZ,  06Z,  12Z,  and  18Z.  The  bulk 
of  the  LEWEX  measurements  were  generally  centered  on  12Z 
(0830  Atlantic  Standard  Time)  each  day,  with  18Z  considered 
a  backup  choice.  The  backup  was  utilized  on  ordy  one  occa¬ 
sion,  on  16  March,  when  inclement  weather  caused  a  delay  of 
the  NASA  (SCR  and  ROWS)  flight,  and  a  cancellation  of  the 
OCRS  (SAR)  flight. 

Virtually  all  of  the  wave  activity  during  LEWEX  was  the  re¬ 
sult  of  three  approximately  sequential  wave  generating  events, 
the  first  passing  to  the  north  around  12  March,  the  second  pass¬ 
ing  directly  through  during  13  and  14  March,  and  the  third 
spending  much  of  its  energy  just  to  the  south  during  17  and  18 
March.  These  three  events  produced  a  small  number  of  fairly 
distinct  wave  systems  which  evolved  systematically  through  the 
seven  day  LEWEX  measuring  period.  A  complete  summary  of 
the  LEWEX  data  set  is  given  in  (Gerling,  1989). 

A  Typical  Set  of  LEWEX  Spectra 

Figure  2  shows  a  typical  three-hourly-intcrval  sequence  of 
LEWEX  spectra  from  one  of  the  nine  models  which  were  driven 
with  a  common  wind  field.  Full  directional  wavenumber  spectra 
are  displayed  in  spectral  energy  density  units  of  m^,  individu¬ 
ally  normalized  to  the  range  of  0  to  255  (the  range  of  one  byte 
integers),  and  contoured  in  eight  equally  spaced  intervals.  The 


peaks  indicate  the  direction  towards  whicli  waves  propagate. 
All  spectra  are  plotted  in  linear  wavenumber  out  to  Zrr/lOO  ra¬ 
dians  per  meter  (100  meter  wavelength),  with  reference  circles 
at  100  meters,  200  meters  and  400  meters.  Prior  to  contouring, 
an  interpolation  scheme  has  been  employed  which  increases  the 
resolution  of  the  spectra  so  that  smoother  and  more  accurate 
contours  can  be  obtained.  This  method  is  designed  to  preserve 
the  total  energy  of  the  high  resolution  spectra  within  the  orig¬ 
inal  coarse  binning  and  therefore  does  not  introduce  distortion 
such  as  broadening  of  spectral  peaks.  When  the  spectra  are 
effectively  undersampled  by  the  model  binning,  this  undersam- 
pling  is  reverJed  by  a  correlation  between  the  contours  and  the 
bin  boundaries. 


Figure  2.  Thrce-hourly-interval  sequence  of  ODGP  spectra 
from  12Z  12  March  through  12Z  19  March,  1987  at  50N,  45W. 


Parameterization  of  Multimodal  Spectra 


The  sequence  of  spectra  shown  in  Figure  2  can  be  reduced  to 
a  more  compact  form  by  displaying  only  the  significant  peaks  or 
“spectral  modes”  The  vector  plot  shown  in  Figure  3  displays 
the  location  of  spectral  modes  for  the  temporal  sequence  of 
Figure  2  on  a  graph  whose  horizontal  coordinate  is  time  and 
whose  vertical  coordinate  is  log  frequency.  The  vertical  scales 
are  wave  period  on  the  right  and  wavelength  on  the  left.  The 
two  scales  are  related  through  the  dispersion  relationship  k  = 
The  location  of  the  mode  in  polar  coordinates  can  be 
obtained  from  this  graph,  with  the  vector  direction  indicating 
the  angular  component  The  vector  length  is  proportional  to  a 
strength  estimate  ui,: 

w,  =  SWH  X  ^fPi 


Each  spectral  mode  has  a  corresponding  value  P,  and  £  P,  =  1 
for  any  particular  spectrum.  The  specific  calculations  arc  de¬ 
scribed  below.  These  vectors  may  correspond  to  wave  systems 
generated  from  distinct,  remote  sources.  This  will  certainly  be 
the  case  when  the  spectral  masses  corresponding  to  the  modes 
arc  completely  separate.  When  tlierc  is  overlap,  the  interpre¬ 
tation  is  not  as  obvious,  but  the  algorithm  here  determines  the 
location  of  all  modes,  presuming  that  they  might  represent  dis- 


estimate  may  be  distorted  by  the  other  mode’s  presence  and  the 
partitioning  of  the  total  wave  height  variance  between  the  two 
systems  will  be  difficult.  When  they  become  too  close,  only  one 
mode  may  be  discernible  and  this  algorithm  will  only  track  that 
one,  even  if  the  spectrum  is  really  the  result  of  the  superposi¬ 
tion  of  several  v/ave  systems.  An  averaged  location  estimate 
for  each  mode  is  also  calculated  but  is  not  used  here.  This  par¬ 
ticular  estimate  exhibits  more  variability  than  the  mode  and 
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Figure  3:  Vectors  indicating  tlie  direction,  period  and  strength 
associated  with  all  spectral  modes  from  the  sequence  of  Fig¬ 
ure  2. 


generally  results  in  a  shorter  wavelength  estimate. 

To  examine  whether  a  spectrum  S(/,  d)  is  multimodal,  first 
determine  whether  the  support  of  the  spectrum  is  connected 
The  idea  of  connectedness  of  the  support  is  really  the  most 
direct  way  to  determine  if  an  arbitrary  spectrum  is  unimodal. 
The  reason  for  this  is  that  a  unimodal  spectrum  may  not  have 
a  unique  maximum  value,  but  instead  might  be  topped  with  a 
“plateau”,  in  which  several  contiguous  locations  all  share  the 
same  maximal  value.  A  nearest  neighbor  scheme  to  determine  a 
unique  maximum  is  complicated  in  this  situation.  The  regions 
which  determine  connectedness  are  also  used  in  the  calculation 
of  several  of  the  quantities  discussed  below.  If  the  support  is 
connected,  then  first  find  if  a  level  /  exists  such  that  the  support 
of  5  thresholdcd  at  I,  S',  is  not  connected.  If  there  is  no  such  I, 
then  the  spectrum  has  only  one  mode,  and  its  location  will  be 
calculated  and  assigned  a  strength  of  1.  However,  if  such  an  I 
exists,  then  find  the  lowest  and  call  it  /q.  Express  the  support 
of  s'  as  the  union  of  a  minimal  number  of  connected  regions 

"c 

U«.o 

10  =  1 

For  each  of  these  regions,  calculate  a  quantity  M,-,  which  will 
ultimately  be  used  to  estimate  the  strength  of  a  component 
wave  system  recursively: 


M,oi.  =  f  su,e)fdfde 

■'KiOi, 


and  also  calculate 


=  i’.. 


^il  ^io'l 


The  algorithm  continues  now  to  consider  each  of  the  regions 
iZ,5„  and  assigns  a  strength  of  P,,„  to  a  unique  mode  but  if  there 
is  none,  goes  on  to  calculate  which  in  turn  determines 


and  its  support 


si 


loll 

/toll 


"lou 

U  ■^•oiiu 


1J=I 


and  the  corresponding  strength  estimates 


Pioiiij  —  I^ioii 


and  so  on.  These  recursively  calculated  strength  estimates  cor¬ 
respond  to  a  finer  and  finer  fractionation  of  wave  height  vari¬ 
ance  and  are  computed  analogously  to  conditional  probabilities. 
The  procedure  results  in  a  hierarchically  structured  description 
of  the  spectrum,  a  “tree  structure”,  which  lends  itself  relatively 
easily  to  “pruning”,  or  removal  of  weak  or  spurious  peaks  from 
the  description  of  noisy  spectra.  If  a  mode  is  judged  to  be 
insignificant,  the  corresponding  “branch”  is  “pruned"  and  the 
statistics  used  are  the  ones  calculated  at  the  previous  level  in 
the  tree.  Finally,  when  the  algorithm  finishes,  there  will  be  a 
set  of  weights  P,o, which  sum  to  1  and  can  be  used  to  par¬ 
tition  the  wave  height  variance  among  the  various  wave  systems 
represented  in  the  spectrum. 

At  the  beginning  of  the  description  of  this  algorithm,  it 
was  assiuned  that  the  support  of  S(/,  9)  was  connected.  If  it 
is  not,  the  identical  procedure  is  followed  except  the  at  the 
beginning  is  now  0. 

As  noted  above,  weighted  estimates  of  location  £ire  also  cal¬ 
culated,  although  they  have  not  been  displayed  in  this  report. 
They  are  calculated  using  the  regions  R/,  where  J  represents 
an  index  in  the  hierarchical  description: 


In,SU,9)pdfde 

5n,S(mfdfd9 


,  A/.,  =  /  su,e)fdfde 

Also  calculate 

p  — 

EMf, 

Now,  for  each  of  the  regions  iZ,-,,  perform  the  same  proce¬ 
dure  as  just  described:  first  determine  if  a  level  (  exists  such 
that  the  support  of  5  restricted  to  iZ,,  and  thresholded  at  /, 
Sj),  ,  is  not  connected. 

'^f  there  is  no  sucli  /,  then  this  portion  of  the  spectrum  has 
only  one  mode,  and  Its  location  will  be  calculated  and  assigned 
a  strength  of  P,„.  However,  if  such  an  /  exists,  then  find  the 
lowest  and  call  it  Express  the  support  of  5)^^  as  the  union 
of  a  minimal  number  of  connected  regions  R,„,, ; 

"10 

U  ^o.'. 

.,=1 

For  each  of  these  regions,  calculate  as  before  a  quantity 


These  estimates  can  show  more  variability  than  the  modal  es¬ 
timates  because  the  region  iZ;  can  change  significemtly  when  a 
new  peak  emerges. 


9)sm{e)fdfde 

e)cos(9)fdfde 


Dissection  of  the  ODGP  Wave  Spectra 
The  calculations  described  above  have  been  performed  for 
many  of  the  LEWEX  spectral  sequences.  The  parameters  ob¬ 
tained  have  then  been  clustered  using  a  partially  automated 
algorithm  which  separates  slowly  varying  time  sequences  of  pa¬ 
rameters  corresponding  to  distinct  wave  systems.  For  nearly 
all  of  the  data  sources  examined,  the  LEWEX  wave  field  can 
be  explained  as  the  joint  evolution  of  five  distinct  wave  sys¬ 
tems.  Several  models  which  have  been  run  using  the  LEWEX 
common  winds  embedded  in  their  own  wind  field  show  more. 
These  five  systems  are  evident  in  Figure  3.  The  first  is  swell 
from  the  Labrador  Sea  present  from  OZ  12  March  through  14 
March.  Nearly  all  models  agreed  on  this  system.  The  sec- 
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ond  is  a  rapidly  evolving  system  which  is  consistently  aligned 
with  the  local  wind  direction.  This  system  represents  a  newly 
generated  wind  sea  until  14  March,  when  the  wind  direction 
changes  by  about  60  degrees,  and  wind  sea  and  swell  merge. 
The  next  system  represents  northerlies  present  from  about  15 
March  through  17  March.  The  fourth  system  is  a  freshly  gen¬ 
erated  wind  sea  beginning  during  the  latter  half  of  16  March 
and  persisting  through  about  12Z  17  March.  The  final  system 
represented  is  distant  swell  from  the  southwest  which  arrived  at 
the  Tydeman  site  on  17  March  and  is  then  the  only  component 
of  the  spectrum  for  several  days.  Peak  period  and  direction 
for  each  wave  system,  as  well  as  an  estimate  of  the  associated 
strength,  are  encoded  in  the  vectors  in  Figure  3.  Figure  4  de¬ 
picts  the  total  SVVH  for  the  ODGP  model  at  45W  throughout 
the  LEWEX  time  period.  Figure  5  shows  the  partitioned  SWH 
curves  for  the  five  LEWEX  wave  systems.  The  sum  of  the 
squares  of  the  five  curves  of  Figure  5  is  equal  to  the  square  of 
the  curve  in  Figure  4. 

Natural  comparisons  between  data  sources  can  be  made  in 
terms  of  each  of  these  wave  systems.  These  comparisons  are 
more  revealing  than  those  using  averaged  quantities  such  as 
total  SWH,  and  average  period  and  direction  for  a  number  of 
reasons.  First,  the  five  LEWEX  wave  systems  are  tied  to  dis¬ 
tinct  meteorological  events.  Differences  between  the  buoy  and 
model  wave  systems  can  indicate  some  information  regarding 
the  development  and  time  evolution  of  these  meteorological  sys¬ 
tems  which  were  only  sparsely  observed.  Since  these  generating 
regions  are  distinct,  measures  which  average  the  entire  direc¬ 
tional  spectrum  mix  this  information  and  are  not  so  useful  in 
this  purpose.  Moreover,  all  the  data  sources  agree  on  some  sys¬ 
tems  but  differ  on  others.  Again  it  is  useful  to  have  a  method 
of  reducing  spectra  which  will  not  mix  all  this  information. 
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Figure  4:  Significant  wave  height  for  ODGP. 
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Figure  5:  Partitioned  significant  wave  heights  for  the  five 
LEWEX  wave  systems  for  ODGP. 
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COMPARISON  OF  SIMliLATEII  AND  MEASURED  SAR  IMAGE  SPECTRA 
DURING  THE  EABRADOR  EXTREME  WAVES  EXPERIMENT 


Clnus  Briining  nnd  l.iana  F.  Eamlirosky 
European  Centre  for  Medlun  Range  Weather  Forecasts 
Sliinficld  Porki  Rending,  Berks.  RG2  9AX,  UK 
Tel:  »4<t-734"87fi0000,  Fax:  ^44••7.74-869450,  Tlx:  847908 


During  the  lalirndur  K.'jtremi!  Waves  Experiment  (LEWEX)  in  the  North 
Atlantic  in  March  1987,  a  C-band  SAR  was  fli>wn  on  a  Canadian  CV-580 
aircraft.  SAR  imagery  of  the  ocean  wave  field  was  acquired  at  different 
fiight  altitudes.  The  measured  SAR  image  spectra  e.xhibit  a  strong 
<lupeiidence  on  flighl  altitude,  indicating  that  l.he  SAR  imaging  mechanism 
strongly  depeials  on  the  R/V  ratio  as  predicted  by  velocity  bunching 
theory  'R  denotes  the  range  of  the  target  and  V  the  platform  velocity). 
We  have  aimulaled  2-dimensiunal  SAR  image  spectra  from  hindcast  wave 
spectra  by  using  velocity  bunching  theory.  Thi!  wave  spectra  were 
c:ilculati.'d  from  the  wind  field  by  applying  a  third  generation  wave 
forecast  model,  the  so  called  WAM  model. 

Examples  are  presented  showing  that  at  a  low  flight  altitude  a  unimodal 
wave  spectrum  is  im:iged  into  a  unimodal  SAR  im:igc  spectrum,  whereas  at  n 
liigh  flight  altitude  the  same  wave  spectrum  is  imaged  into  a  bimodal 
image  spectrum.  Other  examples  show  that  a  bimodal  wave  spectrum  is 
im.agcd  into  a  bimodal  SAR  image  spectrum  when  the  aircraft  flies  at  o 
tow  altitude  and  into  a  unimodal  image  spectrum  when  it  flics  at  a  high 
altitude.  These  peculiarities  of  the  SAR  imaging  are  well  predicted  by 
our  proposed  SAR  imaging  theory  of  oc*-nM  waves. 

We  liave  compared  the  measured  SAR  image  spectra  with  the  simulated  ones 
.uni  it  is  sliown  that  both  spectra  usually  agree  quite  well.  We  consider 
this  as  a  further  e.xperiraental  confirmation  of  the  proposed  SAR  imaging 
theory  of  ocean  wav<'!:.  It  also  shows  that  under  certain  conditions  it  is 
not  straightforward  to  invert  measured  SAR  image  spectra  into  ocean 
waves  specira.  The  inversion  requires  a  detailed  knowledge  of  the  SAR 
imaging  mechanism. 
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The  Effect  of  Sampling  Variability  on  the  Estimation  of  Wave  Number  and 
Propagation  Direction  from  SAR  Wave  Spectra 


EVank  Monaldo 

The  Johns  Hopkins  University  Applied  Physics  Laboratory 
Johns  Hopkins  Road,  Laurel,  Maryland  20707-6009 
U.S.A. 


Abstract 

Even  if  a  synthetic  aperture  radar  (SAR)  image  of 
the  ocean  ourfacc  were  a  perfectly  linear,  noiseless  repre¬ 
sentation  of  ocean  surface  wave  height,  a  spectrum  com¬ 
puted  from  the  Imagery  would  be  but  a  single  realization 
of  the  ensemble-mean  ocean  spectrum.  In  this  paper  we 
address  two  questions.  (1)  What  statistics  adequately  de¬ 
scribe  the  spectra  of  SAR  ocean  wave  images?  (2)  Given 
these  statistics,  with  what  precision  can  ocean  peak  wave 
number  and  propagation  direction  be  determined?  It  is 
shown  that  for  typical  SIR-D  (Shuttle  Imaging  Radar-B) 
wave  imagery  and  proper  smoothing,  precisions  of  about 
2  X  10"^  rads/m  and  3"  in  wave  number  and  angle,  re¬ 
spectively  can  bo  achieved. 

Keywords:  SAR,  wave  spectra,  sampling  variability 

1  Introduction 

A  computed  Fourier  spectrum  of  an  ocean  surface  wave  field 
is  a  single  realization  of  the  ensemble-mean,  wave  height- variance 
spectrum.  For  a  homogeneous  wave  field,  the  average  of  individ¬ 
ual  spectra  approaches  this  ensemble-mean  spectrum  as  the  num¬ 
ber  of  spectra  included  in  the  average  increases.  However,  the 
fact  that  the  mean  spectrum,  calculated  from  a  finite  number  of 
spectra,  will  be  randomly  distributed  about  the  enscmble-mcan 
is  referred  to  as  “sampling  variability”.  As  a  consequence  of 
sampling  variability,  the  statistical  precision  with  which  spectral 
parameters,  for  e.xample  dominant  wave  number  and  propaga¬ 
tion  direction,  can  be  extracted  is  limited. 

For  ocean  wave  data  obtained  by  more  conventional  instru¬ 
mentation,  the  statistical  properties  of  the  corresponding  spectra 
arc  well  understood.  Assuming  that  the  phases  of  the  Fourier 
coefficients  computed  from  a  Fourier  transform  are  uniformly  dis¬ 
tributed  between  0  and  2!r,  it  can  be  demonstrated  that  the  spec¬ 
tral  energy  density  at  any  particular  place  in  the  wave  number 
plane  is  randorrdy  distr.butcd  about  the  ensemble  mean  v’aluc 
with  a  distribution  having  2iV  degrees  of  freedom  (DOF). 
Here  N  is  the  number  of  individual  spectra  averaged  to  produce 
the  mean  spectrum  [Donelan  and  Pierson,  1983]. 

The  spectra  computed  from  SAR  imagery  could  potentially 
involve  additio.ial  complications.  First,  there  is  considerable 
controversy  as  to  the  extent  that  the  SAR  imago  intensity  can 
be  linearly  related  to  either  ocean  wave  height  or  slope  [Monaldo 


and  Lyzenga,  1988;  Alpers  et  ah,  1986).  This  paper  does  not  at¬ 
tempt  to  address  this  question.  We  are  addressing  the  inherent 
precision  of  SAR  image  spectra  here,  not  how  accurately  they 
represent  ocean  wave  spectra. 

Second,  SAR  images  are  contaminated  by  multiplicative  speck¬ 
le  noise.  If  I{x,y)  represents  the  SAR  image  that  would  be  ob¬ 
tained  if  no  speckle  noise  were  present  as  a  function  of  the  spatial 
coordinates  x  and  y,  then  i>„  ■  /(x,  y)  is  a  corresponding  n-look, 
speckled  SAR  image.  The  term  i>„  represents  a  random  variable 
having  ^’-distribution  with  n-degrees  of  freedom.  To  avoid  con¬ 
fusion,  please  note  that  a  x’-distribution  can  be  an  appropriate 
distribution  for  either  a  spectrum  or  the  speckle  statistics.of-a 
SAR  image.  It  is  possible,  however,  that  multiplicative  speckle- 
noise  in  a  SAR  image  may  alter  the  spectral. statistics  in  such 
a  way  that  the  x’-distribution  is  no  longer  applicable  to  SAR 
image  spectra. 

In  1982,  Goldfinger  analytically  demonstrated  that  if  the 
spectrum  of  a  speckled  image  is  white,  then  the  noise  in  this 
spectrum  could  be  described  by  a  x’-distribution.  However,  it 
is  not  clear  whether  the  spectra  of  ocean  wave  imagery  are  suf¬ 
ficiently  broad  that  Goldfinger’s  result  is  applicable. 

In  this  paper,  we  will  use  actual  SIR-B  SAR  ocean  image 
spectra  to  verify  that  indeed  a  x’-distribution  adequately  de¬ 
scribes  the  sampling  variability  of  such  spectra.  Using  this  dis¬ 
tribution  and  a  computer  simulation,  we  will  estimate  the  limita¬ 
tions  on  the  precision  with  which  wave  number  and  propagation 
direction  can  be  estimated. 

2  Statistics  of  SAR  Image  Spectra 

We  tested  the  hypothesis  that  the  x’-distribution  is  applica¬ 
ble  to  image  spectra  by  examining  25  spectra  from  SIR-B  data- 
take  91.5  acquired  off  the  southern  coast  of  Chile.  The  spectra 
were  obtained  by  computing  the  two-dimensional  Fourier  trans¬ 
forms  of  25  contiguous  6.4  km  by  6.4  km,  4-look  SAR  wave  im¬ 
ages.  The  individual  images  were  sampled  every  25  m  by  25  m, 
so  that  each  image  was  composed  of  256  by  256  pixels.  Each 
of  the  values  in  the  complex  transforms,  computed  from  the  im¬ 
ages,  was  multiplied  by  its  complex  conjugate  to  produce  the 
corresponding  raw  SAR  image  intensity-variance  spectrum. 

We  designate  each  one  of  these  spectra  as  S,(kr,ka),  where 
t  varies  from  1  through  25,  Av  represents  range  (perpendicular 
to  the  satellite  ground  track)  wave  number,  and  ka  represents 
azimuth  (parallel  to  the  ground  track)  wave  number.  The  mean 


spectrum  is  computed  by 
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(3) 


S„,an{krX)  =  -^ESi{kr,h).  (1) 

<!0 

This  mean  spectrum  is  an  estimate  of  the  ensemble-mean  spec¬ 
trum. 

At  each  wave  number  bin,  i.e.,  specific  pair  of  values  fc,  and 
ka  in  each  of  the  raw  spectra,  the  ratio  of  the  associated  spectral 
value  to  the  corresponding  value  in  the  mean  spectrum  was  com¬ 
puted  and  is  designated  z.  For  example,  let  kro  and  k^o  represent 
a  specific  pair  of  wave  number  values,  let  the  value  of  the  mean 
spectrum,  Smeanikro,kao)t  equal  100,  and  let  the  corresponding 
value  in  the  third  spectrum  53(l:roi  ^00)1  be  equal  to  134,  then  z 
equals  1.34.  The  distribution  of  these  l  values  were  computed 
over  all  wave  number  bins  and  all  individual  spectra. 

If  the  x’-distribution  is  applicable  to  SAR  image  spectra, 
then  the  distribution  of  I’s  ought  to  be  x’  distributed  with  two 
DOF.  This  special  case  of  the  x’  distribution  is  also  known  as  an 
exponential  distribution.  Figure  1  presents  a  histogram  of  the 
computed  i’s  and  a  theoretical  exponential  distribution.  Note 
that  the  two  agree  very  well.  Although  this  agreement  does  not 
constitute  formal  proof,  we  do  claim  this  circumstantial  evidence 
is  sufficiently  strong  so  that  we  may  proceed  on  the  assumption 
that  the  x’-distribution  describes  the  sampling  varaibility  of  im¬ 
age  speetta  calculated  from  speckled,  4-look  SAR  images, 
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Figure  1  The  dashed  curve  is  a  theoretical  exponential  distri¬ 
bution.  The  I  values  are  calculated  by  dividing  individ¬ 
ual  spectral  values  with  the  edrresponfing  spectral  value  in 
the  mean  of  25  spectra.  The  histogram  of  these  values  is 
shown. 


The  DOF  associated  with  the  average  of  N  spectra  is  equal  to 
2N.  However,  we  have  in  the  past  (Beal  et-al.,  1986]  reduced  sam¬ 
pling  variability  by  smoothing  within  individual  spectra  rather 
than  averaging  separate  spectra.  This  smoothing  allowed  us  to 
examine  the  spatial  variability  of  spectra  in  a  way  that  would 
not  be  possible  if  we  simply  computed  averages  from  individual 
spectra  covering  large  areas. 

The  smoothing  is  performed  by  convolving  a  Gaussian-shaped 
kernel,  K{kr,ka),  with  an  individual  raw  spectrum.  The  kernel 
is  given  by 


^{kff  Ato) 


exp 


~ik'^r  +  kl) 

^kl 


(2) 


where  fc,  =  rnAfc  and  Ak  is  the  wave  number  bin  size.  For  our 
spectra  Ak  equals  9.86  x  10"^  rads/m.  Typically,  in  the  past,  we 
have  used  ^  m  equal  to  3.5.  An  individual  smoothed  spectra  is 
calulated  from  the  following  equation: 


Si,amoclh^k^ ^  Ala]  —  Siykfj  ka)  *  ^(A>r,  AIq] 

where  the  convolution  operation  is  designated  as  *. 

This  spectral  smoothing  raises  two  questions.  First,  it  is  not 
immediately  obvious  how  to  compute  the  effective  DOF  of  a 
spectrum  obtained  from  internal  smoothing  as  opposed  to  aver 
aging  separate  spectra.  This  DOF  value  permits  the  comparison 
of  the  sampling  variability  of  SAR  image  spectra  with  spectra 
from  other  instruments,  which  frequently  have  their  sampling 
variability  specified  in  terms  of  DOF.  Second,  a  way  must  be 
found  to  estimate  the  precision  with  which  wave  number  and 
propagation  direction  can  be  extracted  given  a  specified  level  of 
smoothing. 

The  first  question  was  addressed  by  applying  various  smooth¬ 
ing  kernels  to  the  25  raw  SIR-B  spectra  discussed  earlier.  With 
no  smoothing  applied  the  l-values  appeared  to  be  exponentially 
(x*  with  two  DOF)  distributed.  In  geneial,  for  any  x’  distri¬ 
bution  the  DOF  =  2/i’/(t’,  where  /i  and  are  the  mean  and 
variance  of  the  distribution. 

Since  the  distribution  of  I  values  calculated  from  25  smoothed 
spectra  is  an  estimate  of  the  true  distribution,  we  used  the  mean 
and  variance  calculated  from  the  I  values  to  estimate  the  ef¬ 
fective  DOF.  The  relationship  between  spectral  smoothing  and 
DOF  was  determined  by  smoothing  each  of  the  25  SlR-B  spec¬ 
tra  with  k(Av,  Aj)  functions  having  m-values  varying  between  0 
and  3.5,  computing  the  mean  and  variance  of  the  resulting  I  dis¬ 
tribution,  and  inferring  the  effective  DOF.  Figure  2  provides  a 
plot  of  DOF  versus  m..  Note  that  for  m  =  0,  i.e.,  no  smoothing, 
DOF  =  2  and  for  m  =  3.5  (the  smoothing  which  was  generally 
applied)  DOF  =  100. 


DEGREES  OF  FREEDOM  VS  SMOOTHING 


Figure  2  The  DOF  of  SAR  image  spectra  versus  the  size  of  the 
smoothing  kernel. 


3  Wave  Number  and  Angle  Precision 

Although  we  can  estimate  the  DOF  associated  with  smoothed 
spectra,  we  can  not  directly  infer  the  precision  with  which  wave 
number  and  propagation  direction  can  be  determined  from  this 
value.  This  precision  is  dependent  not  only  on  the  DOF  but  on 
the  shape  of  the  spectral  peaks  as  well.  For  example,  the  po¬ 
sition  in  the  wave  number  plane  of  a  extremely  narrow  peak  is 
well  determined  regardless  of  the  amount  of  sampling  variabil¬ 
ity.  The  position  of  a  broad  peak,  on  the  other  hand,  might  be 
substantially  affected  by  small  levels  of  sampling  variability. 

Estimates  of  wave  number  and  propagation  angle  precision 
were  obtained  via  a  computer  simulation.  Figure  3  is  an  ex¬ 
ample  of  a  singled  smoothed  SIR-B  image  spectrum  from  data 
take  91.5.  The  center  represents  zero  wavenumber.  The  outer 
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Figure  3  A  smoothed  SIR-B  image  spectrum  calculated  from 
imagery  acquired  off  the  coast  of  Chile,  data  take  91.5. 
Contours  represent  linear  levels  of  image  intensity- variance. 
The  outer  circle  represents  a  wavelength  of  100  m.  The 
range  direction  is  vertical. 


than  the  maximum-value  method.  However,  at  higher  levels  of 
smoothing  the  differences  in  methods  grow  smaller.  At  m  = 
3.5,  the  ccnter-of-mass  method  achieves  precisions  of  1.8  x  10"® 
rads/m  in  wave  number  and  2.5°  in  propagation  direction. 
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circle  represents  k  =  =  2ff/(100  m).  The  horizontal 

axis^lics  along  the  ka-direction,  the  vertical  axis  lies  along  the 
Iv-direction.  The  linearly  spaced  contours  represent  levels  of 
spectral  intensity-variance.  We  choose  here  to  concentrate  our 
attention  on  the  spectral  peak  at  about  200  m  wavelength. 

We  asserted  this  smoothed  spectrum  to  be  our  ensemble- 
mean  spectrum.  We  then  generated  25  simulated  raw  spectra 
by  multiplying  the  ensemble-mean  spectrum  at  every  wave  num¬ 
ber  bin  with  a  exponentially  distributed  random  variable  having 
mean  and  variance  equal  to  one.  Various  levels  of  smoothing 
were  then  applied  to  these  25  simulated  spectra  producing  eight 
sets  of  25  spectra,  with  m  varying  from  0  to  4.  For  each  of  these 
sets  the  ensemble- mean  spectrum  and  its  dominant  wave  number 
and  direction  are  known  a  priori. 

The  dominant  wave  number  and  propagation  direction  for 
each  of  the  spectra  were  computed  using  two  different  meth¬ 
ods.  The  maximum-value  method  simply  assigned  the  dominant 
wave  number  and  propagation  direction  by  finding  the  location 
in  the  wave  number-plane  of  tlie  maximum  spectral  value.  In  the 
second:  method,  position  of  the  “center-of-mass”  of  the  spectral 
peak  used  as  a  mefasure  of  dominant  wavelength  and  direction. 

The  variation  from  spectrum  to  spectrum,  v/ithin  every  par¬ 
ticular  set  of  25  spectra,  of  the  extracted  wave  number  and  prop¬ 
agation  direction  represents  the  noise  on  the  measurement  of 
these  quantities  solely  as  a  result  of  sampling  variability  for  the 
particular  level  of  smoothing  applied. 

Figure  4  represents  the  root-mean-square  (rms)  variation  in 
wave  number  and  propagation  direction  as  a  function  of  m  (the 
level  of  smoothing)  using  the  maximum-value  method.  The  error 
bars  represent  the  95%  confidence  limits  of  the  determination  of 
the  rms  values  based  on  a  sample  size  of  25.  The  line  shown  is  a 
i'ncat  fit  to  the  data,  showing  the  gradual  decrease  in  variability 
as  a  function  of  m.  At  m  =  3.5,  the  level  traditionally  employed, 
the  precision  of  is  2.3  x  10"’  rads/m  in  wavenumber  and  2.8°  in 
propagation  direction. 

Figure  5  'milar  plots  obtained  using  the  center-of-mass 
method.  Noi  .at  at  low  levels  of  smoothing  the  precision  as¬ 
sociated  with  tne  ccnter-of-mass  method  is  considerably  better 


Figure  4  The  rms  variation  in  wave  number  and  propagation 
angle  associated  with  sampling  variability  as  a  function  of 
smoothing  kernel  size.  The  error  bars  represent  95%  con¬ 
fidence  intervals  on  the  estimates  of  this  variability,  Wave 
numbers  are  propagation  angles  are  obtained  with  the  max¬ 
imum  value  method. 
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Figure  5  The  rms  variation  in  wave  number  and  propagation 
angle  associated  with  sampling  variability  as  a  fuction  of 
smoothing  kernel  size.  The  error  bars  represent  95%  con¬ 
fidence  intervals  on  the  estimates  of  this  variability.  Wave 
numbers  and  propagation  angles  are  obtained  with  the 
ccnter-of-mass  method. 


4  Conclusions 


5  References 
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We  have  reached  two  major  conclusions  concerning  the  im¬ 
pact  of  sampling  variability  on  SAR  wave  image  spectra.  (1) 
The  traditional  x’-distribution,  which  describes  the  sampling 
variability  of  spectra  in  general,  also  applys  to  the  spectra  of 
4-look  SAR  images  in  spile  of  the  fact  that  the  imagery  is  con¬ 
taminated  with  multiplicative,  speckle  noise.  (2)  For  a  typically 
shaped  peaks  found  in  SIR-B  image  spectra,  the  precisions  of 
wave  number  and  propagation  direction  associated  with  sam¬ 
pling  variability  are  about  2  x  10"®  rads/m  and  3°,  respectively. 
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Abstract 

There  is  an  inlierent  ISO"  ambiguity  in  tlie  derived  wave  prop¬ 
agation  direction  when  using  conventional  spectral  analysis  tech¬ 
niques  on  standard  SAR  image  products.  In  this  paper,  we  suc¬ 
cessfully  use  three  different  techniques  to  resolve  this  ambiguity 
in  propagation  direction  on  the  basis  of  a  single  pass  of  airborne 
SAR  data.  We  take  advantage  of  the  fact  that  the  SAR  is  char¬ 
acterized  by  a  largo  time-bandwidth  product,  and  therefore,  that 
a  sequence  of  individual  looks  extracted  from  the  Doppler  spec¬ 
trum  represents  images  of  the  scene  as  collected  at  a  sequence  of 
discretely  delayed  intervals  of  time.  The  techniques  utilized  in¬ 
clude  correlation-based  motion  analysis  of  a  pair  of  looks,  spectral 
weighting  based  upon  a  pair  of  looks  and  the  ocean  wave  disper¬ 
sion  relation,  and  a  full  three-dimensional  spectral  analysis. 

Key  Words:  SAR,  Ocean,  Wave,  Spectrum 

1  Introduction 

A  major  problem  in  the  extraction  of  ocean  wave  spcctial 
information  from  SAR  image  data  using  conventional  spectral 
analysis  techniques,  is  that  there  is  an  inheient  180°  ambiguity 
in  the  derived  wave  propagation  direction.  In  the  sections  be¬ 
low,  we  consider  three  techniques  which  allow  resolution  of  this 
ambiguity  in  propagation  direction  on  the  basis  of  single  pass 
airborne  SAR  data.  We  take  advantage  of  the  fact  that  any 
practical  SAR  is  characterized  by  a  large  time-bandwidth  prod¬ 
uct.  Therefore,  a  sequence  of  individual  looks  extracted  from  the 
Doppler  spectrum  represents  images  of  the  scene  cis  collected  at 
a  sequence  of  discretely  delayed  intervals  of  time  (Raney  and  Va- 
chon,  1988).  Thus,  a  seven-look  image,  for  example,  represents  a 
time  sequence  of  seven  ocean  wave  images. 

The  temporal  separation  between  looks  i  and  j  is  given  by 

flsin7,j- 
T—  y  , 

where  R  is  the  nominal  scene  range,  V  is  the  platform  velocity, 
and  7ij  is  the  angular  separation  between  the  two  looks.  For 
typical  airborne  SAR  parameters  and  processing,  we  achieve  a 
time  sequence  of  seven  spatial  images,  each  separated  by  times 
on  the  order  of  one  second. 

The  first  technique  we  consider  is  correlation-based  motion 
analysis,  previously  used  successfully  to  establish  pack  ice  motion 
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in  AVHRR  imagery  (Ninnis  et  al,  1986).  The  second  and  third 
techniques  are  borrowed  from  Marine  Radar  ocean  wave  analy¬ 
sis.  The  second  technique  uses  dispersion  relation-based  phase 
weighting  of  undetected  spectra  derived  from  a  pair  of  looks  to 
resolve  the  propagation  direction  (Atanassov  et  al.,  1985).  The 
third  technique  involves  a  full  three-dimensional  spectral  analysis 
of  the  individual  look  imagery  time  series  (Young  el  al.,  1985). 

These  approaches  to  resolving  the  wave  propagation  direction 
are  demonstrated  using  C-band  SAR  imagery  of  ocean  waves 
penetrating  the  marginal  ice  zone.  The  data  was  collected  by 
the  Canada  Centre  for  Remote  Sensing  (CCRS)  CV-580  SAR 
(Livingstone  et  al.,  1987)  during  the  Labrador  Ice  Margin  Ex¬ 
periment  (LIMEX)  '87  (McNutt  ci  al.,  1988),  and  processed  to 
seven  individual  looks  on  the  CCRS  C-Sharp  ground-based  SAR 
processing  system.  The  look-summed  image  of  interest  is  shown 
in  Fig.  1.  The  relevant  SAR/processor  parameters  for  our  scene 
arc  listed  in  Table  1. 

The  “waves  in  ice”  case  is  used  for  these  demonstrations  be¬ 
cause  the  ice  cover  acts  like  a  natural  low-pass  filter,  effectively 
removing  the  high  frequency  ocean  wave  components.  This  elim¬ 
inates  the  complication  of  a  finite  scene  coherence  time  as  is 
present  in  the  general  open  ocean  case  (Raney,  1981). 

In  the  sections  below,  we  outline  these  three  techniques  and 
present  some  results. 

2  Correlation  Motion  Analysis 

Consider  the  ocean  surface  displacement  in  response  to  a  sin¬ 
gle  sinusoidal  ocean  wave  component; 

>j(x,  !/,t)  =  A  cos(/fia;  +  Kytj  -  fit  -f  ^) ,  (2) 

where  z  is  the  azimuth  direction,  y  is  the  ground  range  direction, 
A  is  the  amplitude,  ^  is  the  relative  phase  angle, 

=  +  =  j  (3) 

is  the  magnitude  of  the  wavenumber  vector,  A  is  the  wavelength, 
and  n  =  VjTT  is  the  wave  frequency,  which  is  assumed  to  obey 
the  deep  water  dispersion  relation.  This  is  a  simplification  for 
the  case  of  “waves  in  ice”  for  which  the  dispersion  relation  is 
somewhat  more  complicated  (Liu  and  Mollo-Christenscn,  1988). 
Superposition  applies  to  the  case  of  multiple  wave  components. 


2321 


Figure  1;  Look-sutnmcd  SAR  image  of  ocean  waves  penetrating 
floating  ice  as  used  in  tliis  study.  Subsccnes  a)  and  b)  were 
extracted  from  looks  3  and  5  at  tlie  indicated  location.  The 
individual  look  subscenes  have  been  smoothed  for  clarity  and 
overlaid  with  a  fixed  grid.  The  relative  displacement  of  certain 
wave  features  is  apparent. 

Table  1:  Relevant  SAR/proccssor  parameters  for  image  of  Fig.  1. 
date  '  ~~  87-03-21 

time  16:46  GMT 

nominal  location  N47.3°  W52.5‘’ 

platform  velocity  V  129  m/s 

platform  height  ^  6065  m 

platform  track  angle  160° 

PRF/K  2.57  Hz-s/m 

radar  wavelength  A  5.6  cm  (C-band) 

look  direction  left 

polarization  ,1111 

sensitivity  time  control  STC  land 

minimum  incidence  angle  0  45° 

number  of  looks  yV  7 

separation  between  looks  7  0.521° 

azimuthal  pixel  spacing  Sx  6.0  in  • 

ground  range  pixel  spacing  Sy  6.0  in _ 

Assume  that  the  spatially  and  temporally  varying  surface 
height  of  equation  (2)  leads  to  an  envelope  of  reflectivity  which 
propagates  noncoherently  and  keeps  pace  with  the  actual  wave 
crests.  The  details  of  the  mechanism  of  generation  of  this  pat¬ 
tern  arc  irrelevant.  However,  suffice  it  to  say  that  the  translating 
patterns  exist  due  to  the  combined  effects  of  velocity  bunching, 
tilt  cross-section  modulations,  and  liydrodynamic  straining  of  the 
Bragg  scale  waves. 


Consider  now  two  successive  look  images  of  the  wave  system 
of  equation  (2)  separated  by  t  seconds  as  calculated  from  the 
SAR/processor  parameters  and  equation  (1).  It  can  be  shown 
that  over  the  course  of  this  time  interval,  the  relative  vector  dis¬ 
placement  Ax  of  the  two  images  will  be  given  by 


T  =  Cor  , 


(4) 


wheie  Co  =  fl/A'  is  the  phase  velocity  of  the  wave  component  of 
interest.  The  vector  displacement  may  be  explicitly  measuied  by 
using  cross-correlation-bascd  motion  analysis  techniques. 

The  earlier  image  was  broken  up  into  a  series  of  64-by-64  pixel 
filter  windows,  here  denoted  where  i  is  the  sample  number 

along  X  and  j  is  the  sample  number  along  y.  The  later  image  was 
broken  up  into  a  scries  of  84-by-84  pixel  search  windows,  here 
denoted  s(j,j),  which  were  centred  on  the  corresponding  filter 
window.  The  cross-covariance  function  is 


E !/(»',  j')  s{i'  +  I,  j'  +  j)]  -  m/  m. 


where  E[ )  denotes  the  expected  value  operator,  mj  and  m,  are 
the  means,  and  cr*  and  a;  are  the  variances  of  the  filter  window 
and  the  overlapping  portion  of  the  search  windows  icspcctivcly. 
The  required  cross-correlation  function  was  calculated  using  FFT 
techniques.  Only  unbiased  correlation  values  were  retained. 

The  resulting  cross-covariance  maxima  described  the  peak 
misregistration  reasonably  well.  Fig.  2  contains  a  plot  of  dis¬ 
placement  vectors  as  derived  by  the  technique  outlined  above  and 
using  look  numbers  4  and  7.  Displacements  with  low  correlation 
values  were  discarded.  Assuming  that  the  waves  are  propagating 
into  the  marginal  ice  zone,  the  propagation  direction  has  been 
correctly  resolved. 


Fig.  3  contains  a  plot  of  the  magnitude  of  the  measured  dis¬ 
placement  vectors  D  as  a  function  of  slant-range  R,  The  least- 


Figurc2:  Cross-correlation- based  displacement  vectors  for  a512- 
by-512  pixel  subscene  extracted  from  looks  4  and  7  of  our  waves 
in  ice  data  set.  The  “dot”  is  at  the  base  of  the  vector. 
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Stonl  R«nce  (m)  \10* 

Figure  3:  Cross-correlatioii-bascd  displacement  D  versus  slant- 
range  R  for  looks  4  and  7. 


squares  fit  line  to  this  data  is  given  by 

D  =  2.8(10)-^  fi-t- 4.0.  (6) 

For  look  numbers  4  and  7  and  A  =  ICO  m,  the  predicted  slope 
from  equation  (1)  is  Co  sm'fiJV  =  3.3(10)"^  with  0  intcicept. 
Our  fitted  line  matches  these  predicted  values  rather  well. 

3  Dispersion  Relation  Weighting 

Consider  now  the  spatial  Fourier  transform  of  the  wave  of 
equation  (2): 

ij{u,  v,t)  =  j j  A  cos( A'li  +  KyXj  -Qt  +  <{>) 

■cxp{-j(ux  -h  vy)}  dxdy  ,  (7) 

where  the  *  represents  the  Fourier  transform  operation.  The 
Fourier  transform  is 

=  2ff^/l  [cxp{-j(n<  -  -  A'r)6^(t'  -  A'j,) 

-t- e.\p{j(n<  -  -I- + A's,)]  ,  (8) 

and  the  power  spectrum  is  prupurtiunal  lu  the  niaguitudc-sqiiaied 
of  this  result.  The  spectrum  has  a  180°  ambiguity  m  piopagatioii 
direction  since 

V,  01’  =  |'}(-«, -V,  01’  ■  (9) 

If  we  have  spectral  estimates  from  two  successive  times  A  and 
<2  =  0 +’■)  it  can  be  shown  that  the  positive  propagating  compo¬ 
nent  of  the  ambiguous  spectrum  may  be  scpar<alcd  from 

the  negative  propagating  component  A_(«,n)  via  [Atanassov  ct 
al.,  1985) 

A+(u,u)  =  {2(l+cos{2nr)l}-‘ -{irjOi,!), <,))’  + 0)1’ 
-2Re[r;(u,v,fi)r}'(n,n,0)  expO'fiT)]}  .  (10) 

An  analogous  expression  exists  for  the  ambiguous  component  of 
the  power  spectrum.  In  developing  equation  (10),  it  is  assumed 
that  the  dispersion  relation  is  known  and  is  an  even  function  of 
K. 

The  procedure  of  equation  (10)  was  implemented  in  softwaic, 
and  applied  to  look  numbers  3  and  5  for  a  12S-by-12S  pixel  icgioii 
having  a  temporal  separation  of  about  t  =  1.5  seconds.  The 


deep  water  open  ocean  wave  dispersion  relation  was  assumed, 
and  there  was  no  effort  to  account  for  scanning  distortion.  The 
results  are  shown  in  Fig.  4.  No  preprocessing  of  any  sort  was 
applied  to  the  two  image  subscenes.  The  technique  has  clearly 
succeeded  in  resolving  the  correct  direction  of  wave  propagation. 


4  Three-Dimensional  Analysis 

Consider  now  the  three-dimensional  (two  space,  one  time) 
Fourier  transform  of  the  wave  of  equation  (2): 

7)(U,  V,Lj)  =  JJJ  A  cos(KxX  -h  KylJ  -0.l  +  4>) 

■  exp{-y(ua:  -1-  vy  -f  cot)}  dxdydl .  (11) 


The  power  spectrum  is  proportional  to 

|ii(«,n,ui)|"  =  16xM’[i’(«- A'x)<5’(n- /fs,)5’(ui-l-n) 

-h5*(icf +  ■  (12) 

Note  that  the  three-dimensional  spectrum  has  an  iiihcreiit  asym¬ 
metry  since 

|i)(u,n,u?)|’  =  |n(-«,-u,-u2)p  .  (13) 


We  can  use  this  asymmetry  to  advantage  by  integrating  over 
negative  frequencies  to  give 


/  l»;(ti,  t',w)|®  dui  =  16ir®/l’5’(u  -  AV)  S^{v  -  Ky) ,  (14) 

«'u><0 

in  which  the  direction  of  propagation  is  completely  resolved. 

A  three-dimensional  spectral  analysis  has  been  applied  to  our 
“waves  in  ice”  data  set.  The  individual  spectral  bins,  each  sepa¬ 
rated  by  frequency  interval 


_1_ 

7t  ’ 


(15) 


arc  given  in  the  first  part  of  Fig.  5.  Note  that  the  frequency  bins 
arc  rather  coarse.  The  spectrum  integrated  over  all  frequencies, 
negative  frequencies  only,  and  positive  frequencies  only  arc  given 
in  the  second  part  of  the  figure.  Although  much  of  the  spectral 
energy  lies  in  the  0  IIz  bin  of  the  spectrum,  the  wave  propagation 
direction  has  been  correctly  resolved. 


Figuie  -}:  Spectral  analysis  results  of  dispersion  relation  based 
phase  weighting  of  spectra  derived  from  looks  3  and  5.  a)  The 
ambiguous  spectrum  li^f?)!,  b)  the  correct  spectral  lobe  A+(A'), 
and  c)  the  ambiguous  spectral  lobe  A_(/?).  The  cross-hairs  are 
centred  on  zero  wavenumber.  The  outer  circle  corresponds  to 
100  m  wavelengths  while  the  inner  cirJc  corresponds  to  50  m 
wavelengths. 
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Figure  5.  Three-dimensional  spectral  analysis  on  subsccnes  from 
the  seven  individual  looks.  The  first  seven  frames  represent  the 
frequency,  bins  centred  on  a)  0  Hz,  b)  —0.19  Hz,  c)  —0.38  Hz, 
d)  -0.57  Hz,  c)  0.19  Hz,  f)  0.38  Hz,  and  g)  0.57  Hz.  The  final 
three  frames  are  the  results  of  integrating  over  h)  all  frequencies, 
i)  negative  frequencies  only,  and  j)  positive  frequencies  only. 


5  Discussion 

Each  of  the  three  techniques  for  resolving  the  ocean  wave 
propagation  direction  in  SAR  data  were  employed  with  some 
success.  The  correlation  analysis  was  least  satisfying  for  several 
reasons.  The  output  is  a  single  displacement  vector  pointing  in 
the  nominal  direction  of  average  scene  motion.  Substantial  opti¬ 
mization  efforts  were  required  to  achieve  reasonable  performance. 
It  is  doubtful  that  this  technique  could  bo  used  at  an  operationiil 
level.  However,  using  two  pairs  of  looks  with  different  temporal 
separations  may  make  the  technique  more  robust. 

The  dispcrsion-rclation-based  phase  weighting  apiiroach  seems 
to  provide  excellent  performance  for  the  case  of  “waves  in  ice”. 
The  disadvantage  of  this  approach  is  the  necessity  to  explicitly 
know  the  dispersion  relation.  This  technique  could  be  extended 
to  provide  enhanced  spectral  reliability  by  applying  it  to  pairs  of 
looks  and  averaging  the  results. 

The  most  elegant  and  general  approach  is  via  the  thiec-di- 
mensional  spectral  analysis.  Explicit  knowledge  of  the  ..-avc  dis¬ 
persion  relation  is  not  required.  However,  general  purpose  SAR 
systems  tend  to  have  short  integration  times  (of  seconds),  and 
therefore,  inadequately  sample  the  temporal  motions  of  the  waves 
within  the  scone. 

A  key  aspect  of  these  approaches  is  the  useful  extension  to 
the  case  of  a  spaceborne  SAR  system.  It  is  unlikely  that  space- 
borne  SARs  designed  to  date  will  support  the  required  level  of 
temporal  separation  between  looks,  particularly  considering  their 
larger  resolution  cell  size.  However,  a  SAR  could  be  specifically 
designed  to  image  ocean  waves  and  have  as  a  feature  the  abil¬ 
ity  to  provide  such  a  look  image  time  series  (Raney  and  Vachon, 
1989).  The  design  of  such  a  system  is  the  subject  of  ongoing 
research. 
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Abstract 

Experimental  evidence  exists  that  the  image  contrast 
of  synthetic  aperture  radar  (SAR)  imagery  of  ocean 
vaves  can,  under  certain  conditions,  be  enhanced  by 
defocussing  the  SAR  processor.  Several  theories  have 
been  advanced  recently  to  explain  the  focus 
sensitivity  of  ocean  wave  SAR  imagery.  In  all  these 
theories  it  is  assumed  that  the  phase  or  group 
velocity  of  the  long  waves  enters  into  the  SAR 
Imaging  mechanism  of  8lngle>look  Imagery. 

In  this  paper  we  show  that  also  velocity  bunching 
theory  yields  a  focus  sensitivity.  In  this 
theory,  we  have  no  need  for  recourse  to  the  ‘phase 
velocity  hypothesis'.  The  focus  sensitivity  of  SAR 
Imagery  of  ocean  waves  results  from  an  interplay  of 
two  motion-induced  effects,  which  are  affected  by 
changes  in  focus  setting:  velocity  bunching  and 
azimuthal  resolution. 

The  focussing  theory  developed  in  this  paper  is 
applied  to  ocean  wave  SAR  imagery  acquired  by  an 
airborne  L-band  SAR  during '  the  TOWARD  experiment 
which  was  conducted  off  the  coast  of  California  in 
1984.  Two-dimensional  SAR  simulations  studies 
carried  out  With  variable  focus  settings  show  a 
reasonably  good  agreement  with  observed  values. 


Key  words;  synthetic  aperture  radar,  ocean  wave 
imaging,  focussing  theory 


1.  Introduction 

The  velocity  bunching  theory,  together  with  the 
two-scale  wave  model,  is  a  well-established  theory 
to  describe  the  imaging  of  ocean  surface  waves  by 
synthetic  aperture  radar  (for  a  review,  see 
Hasselmann  et  al.,  1985).  However,  it  has  been 


questioned  whether  this  theory  is  capable  of 
explaining  the  focus  sensitivity  of  airborne  SAR 
imagery  of  ocean  waves.  Experimental  evidence  seems 
to  exist  that  the  image  contrast  in  SAR  imagery  of 
ocean  waves  can  be  enhanced  when  defocusslng  the  SAR 
processor  by  an  amount  which  is  of  the  order  of  the 
phase  velocity  of  the  dominant  ocean  wave.  Since  the 
phase  velocity  of  the  long  ocean  wave  does  not  enter 
into  the  velocity  bunching  theory,  this  experimental 
fact  was  considered  by  some  investigators  (see, 
e.g.,  Kasilingam  and  Shemdin,  1988)  as  experimental 
evidence  that  velocity  bunching  theory  is  not  the 
correct  SAR  imaging  theory  of  ocean  surface  waves. 


Clearly,  in  multi-loolc  SAR  imagery  the  velocity  of 
the  modulation  pattern,  which  is  equal  to  the  group 
velocity  of  the  long  ocean  waves,  is  detectable. 
There  is  a  wave  pattern  shift  between  different 
incoherent  looks.  When  dealing  with  multi-look  SAR 
imagery  the  image  contrast  can  be  enhanced  by 
compensating  Individual  looks  for  wave  movement 
before  look  summation.  As  already  pointed  out  by 
Raney  and  Schuchman  (1978),  this  SAR  image  contrast 
enhancement  is  based  on  noncoherent  tracking  of 
waves  and  applies  to  any  incoherent  Imaging  device. 
But  most  investigators  do  not  mean  this  image 
contrast  enhancement  when  referring  to  focussing 
(Raney  and  Vachon,  1988;  Lyzenga,  1988;  Kasilingam 
and  Shemdin,  1988;  Schult  et  al.,  1988).  The 
focussing  issue  concerns  primarily  the  focussing  of 
one-look  SAR  imagery  of  ocean  waves. 

In  the  present  paper,  we  show  that  velocity  bunching 
theory  can  also  yield  image  contrast  enhancement 
when  defocussing  the  SAR  processor.  In  this  theory 
the  Increase  of  SAR  image  contrast  is  caused  by  the 
fact  that  a  defocus  of  the  SAR  processor  modifies 
velocity  bunching  as  well  as  the  azimuthal 
resolution.  The  parameter  setting  where  maximum 
image  contrast  is  encountered  can  occur  at 
velocities  which  are  of  the  order  of  the  group 
velocity  of  the  dominant  ocean  wave. 
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2.  SAR  TmAg<ng  Theory  of  Ocean  Waves 

In  this  paper  we  make  the  hypothesis  that  the  SAR 
imaging  of  ocean  waves  can  be  described  by  the 
velocity  bunching  theory  as  described  in  the  papers 
by  Alpers  and  Rufenach  (1979),  Swift  and  Wilson 
(1979)  and  Alpers  et  al.  (1981).  This  theory 
contains  the  following  elements  that  contribute  to 
the  SAR  image  formation:  (a)  velocity  bunching,  (b) 
degradation  in  azimuthal  resolution  due  to  a  finite 
scene  coherence  time  and  orbital  accelerations,  and 
(c)  cross  section  modulation  due  to  tilting  and 
hydrodynamic  interaction. 

In  the  velocity  bunching  theory  it  is  assumed  that 
the  facets  remain  'physically  distinct*  during  the 
SAR  Integration  time.  The  radar  cross  section  of  a 
facet  may  vary  during  the  Integration  time  due  to 
tilting  and  hydrodynamic  modulation  of  the  Bragg 
waves,  but  this  has  only  a  small  effect  on  the 
Imaging  mechanism,  which  can  be  neglected  to  first 
order  (see  Hasselmann  et  al.,  1985),  The  propagation 
velocity  of  the  radar  cross  section  modulation 
pattern,  which  in  the  case  of  Bragg  scattering  is 
equal  to  the  group  velocity  of  the  long  waves,  do 
not  affect  the  Doppler  history  of  the  backscattered 
radar  signal  and  thus  have  no  place  in  this  SAR 
Imaging  theory. 

When  the  SAR  processor  is  not  perfectly  focussed, 
then,  for  stationary  scenes,  the  image  contrast  is 
always  reduced  in  comparison  to  the  perfect  focus 
case.  However,'  this  does  not  necessarily  hold  when 
SAR  is  employed  for  imaging  ocean  surface  waves.  In 
order  to  prove  this  we  calculate  the  expression  for 
the  ensemble-averaged  SAR  image  intensity,  I(x),  for 
the  case  of  a  defocussed  SAR  processor. 
Mathematically,  this  amounts  to  replacing  the 
platform  velocity  V  by  V  -  dv  in  the  matched  filter 
function,  where  dv  is  a  focus  adjustment  parameter. 
The  expression  for  Kjc)  reads  in  the  case  of  a 
defocussed  SAR  processor 
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Here  <^(21^)  denotes  the  average  normalized  radar 
cross  section  of  the  facets,  u^(x^)  the  orbital 

velocity  of  the  facets  in  range  direction,  d(y)  the 
SAR  impulse  response  function  in  cross-track 
direction,  R  the  range  of  the  facet,  and  B  a 
constant,  which  depends  on  SAR  parameters.  In 
deriving  (1)  we  have  assumed  that  dv/V  «  1. 

The  degraded  azimuthal  resolution  fcr  N  incoherent 
looks  appearing  in  (1)  is  given  by 
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Here  7:^^  denotes  radar  wavelength,  the  one-look 

azimuthal  resolution,  T  the  coherent  SAR 
Intergration  time,  N  the  number  of  incoherent  looks, 
a^  the  orbital  acceleration  of  the  facets  in  range 

direction  and  t  the  scene  coherence  time.  This  time 
s 

is  mainly  determined  by  the  spread  of  the  facet 
velocities  within  the  SAR  resolution  cell. 

Prom  these  equations  it  can  be  seen  that  for  dv  0 
not  only  the  azimuthal  resolution  P^^  is  modified, 

but  also  velocity  bunching.  As  can  be  seen  from  the 
exponent  in  the  integral  (1),  a  de-tuned  SAR 
processor  modifies  the  azimuthal  shift  £x  to 
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If  the  factor  1  -  2dV/V  is  smaller  than  unity,  then 
the  azimuthal  shift  is  increased.  As  a  consequence, 
also  velocity  bunching  can  increase  and  thus  enhance 
the  SAR  image  contrast.  On  the  other  hand,  a 
de-tuned  processor  leads  to  a  degradation  In 
azimuthal  resolution  and  thus  to  a  decrease  in  image 
contrast.  In  general,  there  exists  a  dv  0  where 
the  image  contrast  is  maximum.  In  this  case  the  SAR 
image  is  optimally  focussed. 

However,  the  degradation  in  azimuthal  resolution  due 
to  a  defocussed  processor  is  slightly  more  complex 
than  discussed  above.  While  the  average  azimuthal 
resolution  is  always  degraded  by  a  mis-matched 
processor,  this  does  not  necessarily  hold  for  all 
facets  on  the  ocean  surface.  If  certain  facets  on 
the  ocean  surface  have  a  given  non-vanishing  radial 
acceleration  8j(Sp)  0>  then  it  can  be  achieved  by 

changing  the  focus  setting  dv  that  the  second  term 
in  the  last  bracket  of  (2)  vanishes.  In  this  case  dv 
has  the  value 


dv 


2V 


(4) 


Locally,  this  leads  to  a  finer  azimuthal  resolution. 
If  the  SAR  image  intensity  is  particulary  large  for 
these  facets,  then  such  focus  setting  with  dV  'A  0 
may  also  contribute  to  an  Increase  of  the  SAR  image 
contrast.  Note  that  dv  as  given  by  (4)  can  attain 
values  that  are  of  the  order  of  the  phase  velocity 
of  long  ocean  waves. 
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3.  SAR  Simulitlons 

Equation  (1)  contain*  the  focus  adjustment  parameter 
dv  In  a  very  Intricate  way.  In  order  to  determine 
the  focus  setting  at  which  the  SAR  Image  contrast  Is 
largest,  numerical  techniques  have  to  be  applied.  In 
the  spectral  domain  we  have  to  find  the  focus 
setting  at  which  the  peak  of  the  SAR  Image  spectrum 
attains  Its  maximum  value.  The  numerical  analysis  Is 
carried  out  by  using  Monte  Carlo  simulation 
techniques  as  described  In  detail  In  Alpers  (1983) 
and  Alpers  and  BrUnlng  (1986). 

The  parameter*  used  In  the  numerical  almulatlons  are 
close  to  the  ones  encountered  during  the  Tower  Ocean 
Wave  and  Radar  Dependence  (TOWARD)  experiment  on 
Oct.  31st,  1984  (Shemdln,  1988).  The  SAR  employed 
was  an  L-band  (1.225  GHz)  SAR  flown  on  a  CV-990 
aircraft.  The  slant  range  resolution  was  8  m  and  the 
azimuth  resolution  (4  looks)  13  m.  A  swell 
propagating  parallel  and  antiparallel  to  the  flight 
direction  was  Imaged  during  flight  legs  1  and  2, 
respectively.  The  SAR  simulations  were  performed 
with  a  peak  wavelength  of  116  m,  a  significant  wave 
height,  of  1.24  m,  a  radar-ocean  wave  modulation 

transfer  function  (RAR  MTF)  of  |m*^|  -  4  (modulus) 
RAR  ^ 

and  t]  -  -135  (phase),  a  scene  coherence  time 

o 

of  0,1  s  and  an  Incidence  angle  of  35  .  Fig.  1  shows 
the  results  of  the  Monte  Carlo  simulations  for  the 
flight  altitude  of  11780  m  where  the  aircraft 
velocity  was  273  m/s  for  leg  1  and  218  m/s  for  leg 
2.  Fig.  2  shows  the  results  for  the  flight  altitude 
of  6240  m  where  the  aircraft  velocity  was  229  m/s 
for  both  flight  legs. 


Theoretical  focussing  curves  for  flight  leg  1 
(altitude:  11780  m,  direction  parallel  to  the  wave 
direction)  and  flight  leg  2  (altitude:  11720  m, 
flight  direction  antiparallel  to  the  wave 
direction)  on  Oct.  31st,  1984.  The  curves  show  the 
peak  value  of  the  variance  spectrum  of  the  SAR 
Image  Intensity  in  arbitrary  units  as  a  function 
of  the  focus  adjustment  parameter  dv.  The  line 
Indicates  where  optimum  focus  was  found 
experimentally  by  De  Witt  et  al.  (1988). 


Fie  2 

Same  as  Fig.  1,  but  for  flight  altitude  6240  m. 


In  both  figures  the  experimental  values  of  optimum 
focus  settings  found  by  De  Witt  et  al.  (1988)  for 
flight  leg  1  are  inserted  (vertical  lines).  The 
theoretical  and  experimental  values  of  optimum  focus 
settings  agree  reasonably  well.  Note  that  also  the 
experimental  values  depend  on  flight  altitude. 


4.  Piscuggion 

From  the  above  analysis  it  Is  evident  that  velocity 
bunching  theory  can  account  for  focus  sensitivity  of 
airborne  SAR  Imagery  of  ocean  waves.  The  focus 
sstting  where  optimum  focussing  Is  encountered  Is 
not  related  to  the  azimuthal  component  of  the  group 
velocity  of  the  dosiinant  ocean  wave.  In  the  case 
considered  here  the  group  velocity  was  6.8  l./s. 

Focussing  depends  on  the  wave  propagation  direction 
relative  to  the  platform  velocity,  the  range-to- 
velocity  (R/V)  ratio,  the  platform  velocity  V,  and 
the  wave  spectrum.  The  sensitivity  Is  greater  for 
rwell  than  for  wind  waves.  Furthermore,  focussing 
depends  on  the  radar-ocean  wave  modulation  transfer 
function  (RAR  MTF)  as  well  as  on  scene  coherence 
time.  Quantitative  results  on  focus  sensitivity  can 
be  obtained  from  theory  only  If  good  estimates  of 
these  parameters  are  available. 
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Abstract 

This  paper  discusses  Che  use  of  the  ambiguity 
function  of  the  complex  SAR  Image  for  measuring  ocean 
waves.  This  can  reveal  features  that  are  not  present 
In  Che  real  SAR  Image.  The  analysis  leads  Co  expres¬ 
sions  relating  this  ambiguity  function  to  Che  spectrum 
of  the  ocean  surface  height  In  a  manner  Chat  can  avoid 
many  of  the  approximations  usually  needed  Co  model  SAR 
imaging  of  ocean  waves. 

1.  Introduction 


2.  Ambiguity  Function 

The  ambiguity  function  of  the  complex  Image  (J. 
Bennett  and  D.  Lyzenga,  1988,  private  communication) 
Is  defined  as  follows.  Let  I'(x^,y^)  be  the  complex 
Image  for  the  Image  point  (x^ ,y^) ,  where  x  and  y  are 
Che  range  and  azimuth  coordinates,  respectively,  and 
the  subscript  t  denotes  coordinates  In  the  complex 
Image.  Then  define  I(x^,y^)  ■  expfitlXt^^I'CXt.yt). 
The  ambiguity  function  Is 


Ue  describe  a  new  method  of  analyzing  the  process 
by  which  synthetic  aperture  radars  (SAR's)  Image  ocean 
waves.  We  consider  the  complex  Image,  rather  than  the 
real  Image,  of  Che  surface,  and  calculate  its 
ambiguity  function  (defined  below) .  The  ambiguity 
function  of  the  complex  SAR  Image  Is  Interesting 
because  It  contains  Information  about  waves  with 
periods  shorter  than  the  coherent  integration  time  of 
the  SAR  and  It  extends  the  usual  methods  of  focusing 
ocean  waves  to  Include  range -traveling,  as  well  as 
azimuth-traveling,  waves. 

For  a  scene  chat  Is  large  enough  so  that  all  the 
waves,  both  long  and  short,  can  be  considered  as  ran¬ 
dom,  the  ambiguity  function  can  be  related  by  a  simple 
Integral  expression  to  the  ocean  surface  spectrum.  We 
discuss  this  ambiguity  function  In  the  balance  of  this 
paper.  Many  of  the  usual  approximations  that  are 
needed  to  describe  SAR  Imaging  of  ocean  waves  are  not 
needed  here;  this  simplifies  the  theory  considerably. 
Some  aspects  of  this  treatment  of  SAR  imaging  of  ocean 
waves  are; 

(1)  No  separation  of  the  surface  height  Into 
large-  and  small-scale  waves  is  needed. 

(2)  The  surface  is  divided.  In  general,  into 
random  and  non-random  components,  not  large-  and 
small -wavelength.  Here,  we  treat  only  Che  case  where 
all  waves  are  random. 

(3)  No  assumption  is  made  about  the  coherence 
length  of  the  surface  reflectivity  (e.g.,  see 
Hasselmann  ec  al.,  1985);  It  Is  calculated  from  the 
surface  spectrum. 

(4)  We  also  can  calculate  the  coherence  time, 
which  plays  an  important  role  in  the  theory. 

(5)  The  complex  Image,  rather  than  the  real 
image,  is  used:  there  is  Important  information  in  the 
phase  of  the  complex  image. 

(6)  The  use  of  the  ambiguity  function  allows 
Imaging  any  plane  In  the  space  formed  by  K^,  Ky,  and 
0,  which  are  the  x-  and  /-components  of  the  water 
wavenumber  and  the  wave  frequency,  respectively. 
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where  *  denotes  complex  conjugation;  and  t|^  are 
offsets  in  the  image.  This  Is  equal  to  the  Fourier 
transform  of  the  real  Image  In  the  special  case  that 
”  0.  While  the  complex  image  may  be  uncor¬ 
related  for  t^^  0,  wo  shall  Include  this  term  expli¬ 

citly. 

The  main  result  of  this  theory  can  be  expressed 
as  follows.  We  start  by  writing  the  complex  reflec¬ 
tivity  as 


■2ik  R(x.t) 

r(x,t)  -  a  g(x,t) 


(2) 


where  R(x,t)  Is  the  distance  from  the  SAR  to  a  point 
on  the  surface  z(x,t),  and  is  the  electromagnetic 
wavenumber.  The  coefficient  g(x,t)  Is  a  complex 
number  whose  phase  is  constant,  and  therefore 
Irrelevant;  \g(x,t)\^,  the  magnitude  of  the  reflection 
coefficient.  Is  given  by  Wright  (1968)  and  others  as 
the  tllted-Bragg  model.  The  phase  of  the  complex 
reflectivity,  aside  from  an  unimportant  constant,  is 
determined  by  the  Instantaneous  distance  from  the  SAR 
to  each  point  on  the  ocean  surface.  The  ambiguity 
function  of  the  reflectivity  Is  defined  by 
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vhere  is  Che  electromagnetic  wavelength  and  the 
mean  distance  to  Che  ocean  surface.  This  is  similar 
to  Che  result  o£  Lyzenga  (1988) ,  although  he  did  not 
allow  for  a  spatial  lag 


Using  equation  (2) ,  this  can  be  expressed  as 


3.  Relation  to  Surface  Spectrum 
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where  a^(x)  is  Che  antenna  power  pattern  in  the 
azimuth  direction;  is  the  mean  radar  cross- 
section;  and  Vg  is  the  speed  of  the  SAR.  The  function 
A  is  given  by 
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Figure  1.  Surface  spectrum  and  image  ambiguity 
function. 
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where  S(x,c;k,w)  is  the  surface  height  spectrum,  which 
might  depend  on  the  location .x  and  time  c;  k  and  u  ace 
the  water  wavenumber  and  frequency;  a  -  (T,i7y)  is  the' 
derivative  of  g(x,C)  with  a  change  in  surface  slope; 
and  £  K  (f  ,*;)  and  r  are  the  spatial  and  temporal  lags. 
To  derive  this  result,  we  did  not  need  to  assume  that 

the  surface  is  spatially  white,  i.e.,  that  A(x,e;£,r; 
is  proportional  to  S(f}{(i7}.  We  also  did  not  need  to 
assume  that  the  surface  velocities  are  small;  we  have 
Included  the  effects  of  acceleration  and  higher-order 
terms. 

For  an  image  that  contains  only  random  waves. 


Xi(K^.ICy!i,.V^) 


in  the  limit  of  a  long  integration  time.  The  frequen¬ 
cy  of  the  water  waves  being  imaged,  0,  is  related  to 
the  lag  by 


The  surface  .height  spectrum  5(k)  and  the 
ambiguity  function  of  the  complex  image  1^ 
are  related  conceptually  as  we  show  in  Figure  1.  One 
way  to  calculate  |Xil*  would  be  to  start  with  S, 
generate  some  random  realizations  of  the  surface, 
generate  a  complex  SAR  image  for  each  one,  and  finally 
calculate  Xi  according  to  equation  (1)  and  determine 
Che  squared  magnitude.  This  is  shown  by  the  single 
arrows.  The  problem  with  doing  this,  aside  from  the 
amount  of  computer  time  that  might  be  used,  is  that 
there  are  some  approximations  needed  to'  calculate  Che 
complex  image  from  a  realization  of  the  ocean  surface; 
these  involve  somehow  dividing  the  surface  into  large- 
and  small-scale,  or  random  and  non-random,  components. 
How  this  division  is  done  will  affect,  sometimes 
strongly,  the  results  of  the  calculations.  In  addi¬ 
tion,  it  seems  that  some  large-scale  (or  non-random) 
waves  will  affect  the  supposedly  random  component  of 
the  surface,  making  this  division  of  scales  inap¬ 
propriate. 

It  is  also  possible  to  evaluate  an  ensemble  aver¬ 
age  of  |Xi(K,.Kyi? t)  I*.  This  would  require  calculating 

fourth-order  statistics,  however;  it  would  bo  hard  to 
interpret  the  results,  so  we  shall  not  pursue  this 
possibility. 
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Another  method  Is  to  use  equation  (6)  to  calcu¬ 
late  Xi  directly  from  S  (multiple  arrows) .  Wnen  this 
is  done,  waves  on  all  scales  are  treated  equally  as 
being  random;  consequently,  there  is  nr  scale 
separation.  This  will  prove  to  be  a  great  advantage 
because  the  computations  are  simplified.  More 
Importantly,  there  is  a  conceptual  simplification 
because  we  do  not  have  to  argue  about  what  are  the 
most  appropriate  approximations  to  use;  except  for  the 
assumed  linear  dependence  of  the  radar  cross-section 
on  the  surface  slope,  the  relationship  between  Xi  and 
S  can  be  expressed  exactly. 

It  is  also  possible  to  calculate  the  change  in  Xt 
when  the  spectral  amplitude  of  the  ocean  surface 
height  is  changed  by  SS(k^).  This  effectively 
linearizes  equation  (6),  and  allows  us  to  determine 
Che  effect  on  Che  complex  image  of  changing  Che 
surface  height  spectrum  at  some  wavenumber  k^. 

A.  Results 

There  are  some  simple  results  of  this  SAR  Imaging 
theory.  The  most  important  may  be  that  the  image 
ambiguity  function  is  proportional  to 
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where  is  the  coherence  time  of  the  reflectivity,  in 
agreement  with  ocher  authors  (e.g.,  Rufenach  and 
Alpers,  1981).  This  sets  a  lower  limit  to  the  wave¬ 
length  of  the  azimuth- traveling  waves  Chat  can  be 
imaged. 

A  wave  with  a  particular  wavenumber  k,  will  pro¬ 
duce  harmonics  in  the  complex  image,  as  was  found  by 
Lyzenga  (1988).  This  can  confuse  the  interpretation 
of  SAR  Images. 

Let  r  be  the  coherent  integration  time;  the 
spectral  resolution  is  determined  by  a  weighting 
function  whose  width  is  Inversely  proportional  to  T. 
Therefore,  the  spectral  resolution  is  improved  by 
using  a  long  coherent  integration  time,  which  in  turn 
requires  an  antenna  with  a  large  beamwidth. 

Waves  in  range  or  azimuth  with  periods  shorter 
than  r,  which  would  be  smeared  out  in  the  real  image, 
contribute  to  the  ambiguity  function  of  a  single 


complex  image;  therefore  we  can  estimate  the 
amplitudes  of  these  waves. 

The  correlation  length  and  correlation  time  are 
both  proportional  to  SAR  imaging  of  ocean  waves 
would  seem  to  be  done  best  by  use  Che  longest  electro¬ 
magnetic  wavelength  possible. 
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Abstract 

Synthetic  aperture  radar  (SAR)  is  an  important  remote 
sensing  tool  for  observation  of  the  ocean  over  a  large  range  of 
scales  from  lO's  of  meters  to  KXXl's  of  km.  Unique  properties  of 
SAR  include  self-illumination  and  cloud  penetration  because  of  the 
microwave  frequencies  employed.  To  evaluate  SAR  for  observing 
the  ocean  surface,  the  SEASAT  satellite  was  launched  in  1978.  To 
validate  SAR  ocean  measurements,  the  Gulf  of  Alaska  Experiment 
(GOASEX)  was  set  up  to  provide  measurements  of  the  ocean 
surface  and  atmosphere  within  a  region  imaged  by  SAR.  This  data 
set  is  important  because  it  contains  a  significant  portion  of  the 
surface  truth  data  collected  during  the  SEASAT  mission.  With  this 
data  set,  direct  comparison  between  SAR  and  buoy  ocean 
measurements  can  be  made  since  the  surface  truth  data  was 
obtained  in  situ  at  the  SEASAT  overpass  time.  In  this  paper  we 
compare  SAR  and  surface  observations  of  ocean  waves.  Further, 
we  assess  several  models  for  SAR  imaging  of  the  ocean  developed 
by  Alpers,  Harger,  and  Rotheram  and  Macklin.  Lastly,  we  utilize 
the  SAR  for  examining  windrows  on  the  ocean  surface. 

Keywords :  SAR,  Wave  Spectra,  Windrows 


Introduction 

The  SAR  data  set  consists  of  1 1, 1(X)  km  by  100  km  images 
digitally  processed  at  the  Jet  Propulsion  Laboratory  (JPL)  in  1987. 
During  GOASEX,  surface  and  atmospheric  measurements  from 
9/13/78  through  9/26/78  were  made  by  pitch  toll  and  wave  rider 
buoys,  and  CTD's,  XBT's  and  radiosondes  by  the  NOAA 
research  vessel  Oceanographer  at  the  approximate  locations  48° 
42'  N  Lat.,  133°  18’  W  Long,  and  46°  N  Lat.,  131°  W  Long,  as 
shown  in  Fig.  1.  In  all  cases,  the  surface  measurements  are  well 
within  the  SAR  image  so  a  direct  comparison  can  be  made. 
SpeciHcally,  for  ocean  gravity  waves  we  compare  the  SAR  and 
surface  measurements  on  the  basis  of  dominant  directional  and 
omnidirectional  wavelength,  dominant  direction,  and  multiple 
wave  systems.  In  addition,  we  use  the  two  dimensional  FfT' 
spectrum  of  the  SAR  to  estimate  waveheig'nt,  using  the  surface 
observations  for  calibradon. 

At  the  present  date,  there  still  exists  controversy  over  wave 
imaging  mechanisms,  involving  investigators  such  as  Alpers, 
Harger,  Plant,  Lyzenga,  Monaldo,  Rotheram  and  Henye.  To  help 
resolve  this  controversy,  we  compare  these  theories  on  a  analytierd 
basi8  and  use  the  GOASEX  SAR  and  surface  data  since  it 
provides  many  linear  cases  of  wave  imaging.  We  compare  the 
unmodifled,  two  dimensional  FFT  spectrum  intensity  of  the  SAR 
images  to  buoy  spectra  to  see  how  well  the  SAR  estimates  of  the 
waveheight  sp^trum  fares  without  further  processing. 


We  find  that  unmodified,  the  SAR  spectrum  provides  good 
estimates  of  the  waveheight  spectrum  in  terms  of  estimating 
dominant  directional  and  omnidirecti  .mal  wavelength,  direction, 
and  omnidirectional  bandwidth.  In  some  cases,  the  unmodiHed 
SAR  image  spectrum  corresponds  closely  with  corresponding 
buoy  measurements  of  the  waveheight.  spectrum. 

Lastly,  the  manifestation  of  periodic  streaks  approximately 
parallel  to  the  wind  direction  are  observed  in  the  SAR  image 
intensity  spectrum.  We  will  refer  to  these  features  as  'windrows'. 
Two  possible  causes  are  either  Langmuir  circulations  or 
atmospheric  roll  vortices.  Gerling  [2]  has  used  SAR  observations 
of  windrows  to  estimate  wind  speed  and  direction.  We  extend  this 
work,  examining  ocean  surface  windrows  by  comparing  SAR 
observations  with  surface  and  subsurface  in  sim  measurements  of 
ocean  variables. 

Fig.l 

SEASAT  SAR  Image  Footprints 
Gulf  of  Alaska  Experiment 


140°  W  135°  W  130°  W  125°  W  120°  W 


140°  W  135°  W  130°  W  125°  W  120°  W 


No.  Rev.  No.  Rev.  No.  Rev.  No.  Rev. 

1,2  1126  5,6  1212  9  1269  11  1306 

3,4  1169  7,  8  1255  10  1298 

Arrows  indicate  the  SAR  velocity  vector  of  the  images  shown. 
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Processing 

The  GOASEX  data  set  was  processed  in  the  following 
manner.  The  JPL  digitally  piocesscj  SAP.  images  were  100  km  x 
100  km  in  extent  and,  de^nding  or.  the  patticular  image  used,  had 
the  following  approximate  charactcrist'.cs ; 


Center  Incidence  Angle ;  23. 1° 

Antenna  Beamwidth :  20.5® 

Swath  Velocity :  6.76  km/s 

Center  Resolution  (Range  x  Azimuth) ;  22.7  m  x  23.6  m 

Pb:el  Size :  12.5  m 

3ii5  per  Sample:  5 

Surface  Track  to  True  North  Angle :  28® 


Revs. :  1126,1169,1212,1255,1269,1298,1306 

In  each  of  the  11  SAR  images  -  2  each  of  1126  thru  1255  -  the 
buoy  coordinates  were  located.  Next,  a  25.6  km  x  25.6  km 
section,  or  processing  block,  was  centered  at  the  buoy  location  in 
the  SAR  image.  To  generate  a  representation  of  the  wave  spectrum 
over  this  scale,  the  processing  block  was  first  subdivided  into  4  • 
12.8  km  X  12.8  km  sub-images.  Then,  each  of  these  images  were 
added  together  to  produce  a  composite  image.  Then  a  1024  x  1024 
point,  2-dimensional  FFT  was  performed  on  this  composite  image 
using  Data  General  MV/ 10000,  with  the  square  magnitude,  or 
intensity  of  the  result  being  stored  for  later  comparison  with  buoy 
spectra.  The  resulting  spectrum  has  the  property  that  the  amplitude 
or  intensity  at  a  given  frequency  will  have  the  same  value  as  if  tire 
2048  X  2048  point,  2-dimensional  FFT  of  the  entire  25.6  km  x 
25.6  km  section  had  been  performed.  Although  we  have  1/2  the 
wavenumber  resolution  of  a  2048  x  2048  point  transform,  we 
have  reduced  the  computation  and  I/O  time  by  approximately  a 
factor  of  4.  Alternatively,  one  could  transform  each  1024  x  1024 
point  sub-image  seperately,  and  add  the  complex-amplitude 
spectrum  together  -  coherent  addition.  However,  although  it  gives 
identical  results,  it  incures  «=>  4  times  the  computation  time  due  to 
the  added  2-D  FITs.  Presently,  the  computing  time  is  25  min.  for 
the  transformation  {rrocess  described.  Therefore,  the  resulting 
wavenumber  resolution  is  that  of  a  single  transformed  1024  x 
1024  point  image,  and  is  given  by 

Ak=  2*-  j-,--*.001—  =  4.91  X  10'''m'‘ 

25.6  km  m 

After  computation  of  the  raw  spectrum  intensity,  convolution  with 
a  9x9  (81-point),  2-D  normalized  gSMSSha  smoothing  filter  with 
a  61%  width  of  3.48  x  10'^  m"^  was  applied  in  the  wavenumber 
domain  to  create  a  smoother  spectrum  (u-ading  off  resolution)  to 
aide  in  locating  the  wavelength  and  direction  of  the  dominant 
waves.  The  results  were  displayed  using  color-graphics  software 
written  by  us  f  ir  the  Data  General  GDC- 1000  Workstation. 

Wave  Imaging  Theory 

Comparison  -  There  have  been  several  theories  proposed 
regarding  the  SAR  ocean  wave  imaging  process,  including  those 
of  Alpers,  Ross,  and  Rufenach  [1],  Harger  [3],  (4],  and  Rotheram 
[7],  with  each  {predicting  similar  effects  in  some  cases,  but 
different  effects,  in  others,  ie,  velocity  bunching.  Upon  analyzing 
each  author's  expressions  for  the  Sea  Surface,  Scattering  Model, 
Received  Signal,  SAR  Processing,  and  Transfer  Function,  we 
found  the  expressions  to  be  similar  in  form  despite  the  different 
mathematical  formalism  used. 


SAR  and  Buoy  Observations 

The  following  is  a  sample  of  some  of  the  results  of  our 
investigation.  In  each  of  the  figures,  the  horizontal  axis  (-.04  m'^ 
to  .04  m'^)  is  along  the  azimuth,  or  along-track  direction,  and  the 
vertical  axis  (-.04  m'^  to  .04  m"^)  is  along  the  range,  or 
cross-track  direction.  In  comparing  S/^  and  buoy  measurements, 
one  must  remember  that  the  buoy  does  not  give  the  'true' 
spectrum.  It  corrupts  the  true  spectrum  in  its  own  fashion. 


especially  with  regards  to  beamwidth.  Therefore,  we  are 
comparing  two  different  measuring  instruments  and  trying  to  infer 
the  input  conditions  which  caused  the  observed  measurements. 

Directional  Wavenumber  Spectra  -  Fig.  2  shows  an  enlarged, 
split-screen  view  of  the  SAR  and  Pitch-Roll  buoy  wavenumber 
spectra  for  rev.  1126,  Sept.  13,  1978.  Both  SAR  (top)  and  buoy 
(bottom)  spectrum  peaks  have  been  aligned  to  the  same  intensity 
level  for  comparison.  Since  the  SAR  has  a  180®  ambiguity  in  wave 
direction,  the  SAK  spectrum  is  actually  double-sided,  however  we 
display  only  the  top  portion  so  as  to  compare  to  the  buoy's 
S{>ectrum.  The  contour  intensity  level  varies  over  a  20  dB  range. 
The  bright  center  of  each  peak  is  within  1  dB  of  the  peak.The 
outside  edge  of  the  first  contour  corres(K)nds  to  -3  dB  from  the 
peak  and  the  second  outside  edge  -6  dB  from  the  peak,  intensity 
profile,  or  slice  along  the  peak  directions.  Here  the  intensity  is 
over  a  10  dB  range. 

Comparing  the  spectra,  some  interesting  features  can  be 
noted.  First,  the  SAR  has  a  main  peak  at  a' wavelength  and 
direction  of  278  m,  220.6®,  and  a  secondary  peak  at  228  m,  248® 
of  lower  intensity.  The  buoy  peak  is  at  257  m,  231.5®.  The  two 
peaks  are  resolved  in  the  SAR  spectrum  since  the  SAR  exhibits  a 
much  narrower  beamwidth  than  the  buoy.  However,  note  the 
slight  deformation  of  an  otherwise,  angularly  symmetric  buoy 
response  about  the  dominant  wave  direction.  This  is  due  to  the 
buoy  responding  to  the  secondary  peak  in  the  wave  spectrum.  In 
addition,  note  the  similar  change  in  intensity  with  wavenumber 
around  the  origin  in  both  the  SAR  and  buoy  spectrums.  The  inset 
in  the  lower  right  hand  comer  shows  the  profile  of  the  spectra 
along  their  respective  peak  directions  and  the  shift  of  the  buoy's 
response  to  higher  wavenumbers  relative  to  the  SAR's  response. 


Fig.  2 


Wavenumber  Spectrum  Profiles-  Fig.  3  shows  the  SAR  and 
buoy  wavenumber  spectrums  which  were  computed  from  rev. 
1126  shown  in  fig.  2  by  taking  a  slice  of  data  in  IKl  along  the 
respective  peak  directions  of  the  SAR  and  buoy  2-D  spectrums. 
Note  closely  the  distinctive  features  in  each  curve.  Even  though 
the  SAR's  response  is  shifted  from  the  buoy's  response,  one  can 
identify  similar  kinks  in  each  which  appiear  to  approximately  line 
up  if  the  SAR's  curve  were  shifted.  This  is  remarkable 
considering  the  fact  tiiat  these  curves  were  derived  from  entirely 
different  measurement  techniques,  one  remote  sensing  and  one  in 
situ.  When  compared  on  a  omnidirectional  basis,  the  SAR  and 
buoy  sjiectrums  virtually  overlayed  on  top  of  one  another.  Another 
feature  of  the  spectra  in  fig.'s  2  and  3  is  the  dynamic  range  of  the 
SAR  sjiectra  at  high  wavenumbers.  This  dynamic  range  is  due  to 
high  quality  digital  imaging  of  the  SAR  data  from  John  Curlander 
at  JPL  and  careful  image  processing  therafter.  A. comparison  of 
these  results  with  the  S{)ectra  of  Vesecky  et  al.  [8]  derived  from 
optically  imaged  SAR  data  demonstrates  the  improvement. 
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1126  SAR  •  PR  Buoy  Profile  Spectra 


Measurement  of  Ocean  Parameters  -  In  fig.'s  4,5  we  show 
the  correlation  between  SAR  and  buoy  estimates  of  ocean 
parameters  for  the  orbits  in  which  waves  were  detected.  The 
parameters  shown  are  peak  directional  wavelength  (along  the  peak 
direction)  and  wave  direction  relative  to  the  SAR's  azimuth,  or 
along  track  direction.  When  the  omnidirectional  wavelength  was 
used  in  the  comparison,  the  results  were  »  as  good  as  the 
directional  results.  The  straight  line  is  at  45®  indicating  a  one  to  one 
relationship.  In  each  case,  the  SAR  estimate  is  in  close  agreement 
with  the  buoy  estimate.  Included  in  each  plot  are  the  average 
percentage  and  rms  error. 


SAR  •  PR  Buoy  Wavelength 


SAR  -  PR  Buoy  Wave  Direction 


Windrows 

Background  -  As  mentioned  in  the  introduction,  we  have 
observed  what  appear  to  be  periodic,  wind-aligned  streaks  in  the 
SAR  image  spectrum  which  we  will  refer  to  as  windrows.  The 
theory  governing  windrows  is  still  in  the  process  of  development 
even  though  many  observations  have  been  reported  in  the  literature 
[6].  Understanding  these  windrows  is  important  since  1)  they  may 
be  related  to  Langmuir  circulations  and  thus,  the  formation  of  the 
ocean  mixed  layer  and  2)  they  may  be  related  to  atmospheric  wind 
flow,  thus  provide  the  means  through  which  SAR  can  measure  the 
surface  wind  field  and  other  parameters,  such  as  the  mixed-layer 
depth.  Leibovich  [6]  discusses  the  dynamics  of  Langmuir 
circulations,  which  are  roll  vortices  beneath  the  water  surface 
causing  these  windrows  on  the  ocean  surface  with  spacings  of  2  m 
to  several  100  m.  This  circulation  is  shown  schematically  in  fig.  6 
wliCi'c  the  arrc'.'.t  ihe  ocean  surface  indicate  fluid  motion. 
Current  research  includes  the  study  of  ihe  spacing,  penetration 
depth,  formation  times,  and  laboratory  experiments  on  these 
circulations.  A  number  of  researchers,  including  Langmuir  [5], 
have  thought  the  windrow  spacing  to  be  proportional  to  the 
penetration  depth  of  the  cellular  pattern  which  they  mark. 
Originally  it  was  thought  L/D  =  2.  However,  measurements  of 
L/D  have  produced  values  in  the  range  .66  -  1.66.  Also,  the 
orientation  of  these  windrows  is  nearly  always  aligned  with  the 
wind  direction,  with  the  maximum  angular  difference  between 
streak  pairs  ^  20®. 


Langmuir  Circulations 


Another  mechanism  for  these  windrows  observed  in  SAR 
image  intensity  spectrum  may  be  atmospheric  roll  vortices,  where 
the  axes  of  the  roll  vortices  are  aligned  with  either  the  geostrophic 
wind  or  average  planetary  boundary  layer  (PEL)’  wind  direction. 
In  this  case,  the  windrow  spacing  L  is  in  the  kilometer  range,  with 
D  being  the  planetary  boundary  layer  height.  Again,  it  is  thought 
L/D  to  be  a  constant "  2.  Gerling  [2]  has  used  the  SEASAT  SAR 
radar  backscatter  data  to  estimate  wind  speed  and  direction  using 
this  hypothesis,  with  the  SASS  (SEASAT-A  Scatterometer 
System)  measui^  wind  field  as  a  reference. 

Observations  -  In  fig.  7  we  show  the  spectrum  of  SAR 
windrow  features  which  we  suspect  are  due  to  Langmuir 
circulations.  This  display  was  generated  by  taking  the  spectrum 
for  rev,  1 126  in  fig.  2  and  shifting  the  color  intensity  scale  to 
lower  values  to  enhance  less  intense  features.  This  results  in  the 
main  peaks  shown  before  to  appear  saturated.  Notice  the  two  new 
peaks,  which  appear  at  locations  474  m  (.0133  m'*),  141®  and 
-39®,  straddle  the  measured  wind  direction  indicated  by  the  line  at 
62®.  The  deviation  of  these  peaks  from  the  wind  direction  is  79®, 
thus  the  average  streak  direction  (perpendicular  to  the  peak 
direction)  is  within  11®  of  the  wind  direction.  Since  the  wind 
direction  is  important  in  this  measurement,  SASS  wind  speed  and 
direction  were  used  as  a  check  on  the  buoy  estimates.  The  inset  at 
the  lower  right  comer  shows  a  profile  or  slice  along  the  peak 
direction  over  a  10  dB  range.  In  all  of  the  revs,  studied,  each 
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displayed  similar  directional  behavior  albeit  at  different 
wavelengths.  However,  in  some  cases  the  average  streak 
directions  were  not  quite  aligned  with  the  wind  direction,  with 
differences  >»  50®.  Also,  notice  the  asymmetry  in  the  low 
wavenumber  region  around  the  origin.  By  going  back  to  the  raw 
spectrum  data  and  averaging  over  9  points,  one  observes  small 
peaks  on  the  order  of  1 1^  in  wavelength,  and  approximately  at 
the  same  angle  as  the  other  windrow  peaks  previously  discussed. 
These  are  the  features  Gerling  [2]  used  to  estimate  wind  direction. 


Fig.  7 


Next,  to  see  what  relationship  exists  between  SAR  measured 
windrow  parameters  and  in  situ  ocean  measurements,  we  obtained 
XBT  (Expendable  Bathythermograph)  data  which  provides  the 
temperature  as  a  function  of  depth  over  0  •  800  m  at  the  desired 
place  in  the  SAR  swath.  A  graph  containing  three  of  these  curves 
fitted  with  a  spline,  over  a  time  period  straddiing  the  SEASAT 
overpass  time,  was  created  and  the  mixed  layer  depth  measured  as 
shown  in  fig.  8.  The  additional  XBT  curves,  however  had 
different  spatial  locations  relative  to  the  curve  corresponding  to  the 
SAR  overpass  time.  From  fig.  8,  the  mixed  layer  depth  was  “  50 
m,  which  corresponds  to  fig.  7.  The  spacing  L  =  474  m  was 
given  above.  Computing  L/D  for  this  rev.  yields 


£ 

D 


474  m 
50  m 


=  9.48  »  2 


L  474  m 
D  232  m 


2.04 


which  is  quite  close  to  2.  We  used  this  approach  on  all  the  revs, 
which  displayed  windrow  type  features  in  their  spectrums  and  for 
which  we  could  obtain  XBT  data.  When  the  windrow  spacing  was 
plotted  against  this  inflection  point  depth  for  the  revs,  in  question, 
the  result  showed  some  scatter  but  was  near  two.  More  data  for 
differing  ocean  thermal  structure  will  be  necessary  to  demonstrate 
this  relationship  convincingly. 


Conclusions 


We  find  that  for  the  GOASEX  data  set  the  following 
conclusions  can  be  made : 

1 .  SAR  and  buoy  measurements  of  dominant  directional  and 
omnidirectional  wavelength,  and  dominant  wave  direction  are  in 
excellent  agreement.  On  a  two-dimensional  basis,  the  SAR  image 
spectrum  intensity  faithfully  reproduces  a  significant  number  of 
features  seen  in  the  buoy  spectrum.  Additionally,  the  SAR 
displays  features  that  the  buoy  does  not  appear  to  respond  to. 

2.  Analysis  of  ocean  wave  imaging  theories  by  Alpers,  Harger, 
and  Rotheram  shows  them  to  be  similar  in  many  respects, 
although  their  mathematical  formalism  makes  them  appear  quite 
different. 

3 .  Periodic  wind  aligned  streaks  are  observed  iri  the  SAR  image 
spectrum  intensity  which  we  have  referred  to  as  windrows. 
Although  these  features  have  hecii  observed  in  a  large  number  of 
SAR  images,  mote  rpscatuh  will  be  needed  to  identify  the  imaging 
mechanism  for  these  windrows. 
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ABSTRACT 

A  new  three-frequency  microwave  scalterometer  technique  has 
been  synthesized  from  theory  developed  earlier  for  the  related  dual¬ 
frequency  instrument.  The  new  three-frequency  technique  completely 
removes  many  of  the  limitations  on  the  measurement  of  ocean  wave 
spectra  by  this  type  of  microwave  instrument.  It  does  so  by  converting 
the  entire  receiv^  backscatter  return  into  a  new  two-channel  correla¬ 
tion  signal  modulated  by  long  ocean  waves.  This  new  output  signal  is 
directly  proportional  in  strength  to  the  area  illuminated  by  the  antenna 
footprint.  Signal  detectability  is  now  only  limited  by  system  thermal 
noise  and  phase  stability.  Extensive  experimental  measurements  using 
both  L-band  and  Ky-band  radars  have  been  made  from  a  pier-site 
located  on  the  coast  of  the  Atlantic  Ocean  at  Duck,  North  Carolina. 
The  measurement  campaigns  conducted  during  1984  and  1988  will  be 
reported  on.  Ocean  wave  spectra  were  compared  with  non-directional 
in-$itu  Baylor  Gauge  data  during  ail  periods. 

1.  Introduction 

There  is  considerable  interest  within  the  oceanographic  and 
remote  sensing  communities  in  the  building  of  an  instrument  which  can 
measure  directional  sea  surface  wave  spectra.  An  ideal  instrument 
should  be  sensitive  enough  to  allow  accurate  measurements  to  be  made 
on  virtually  the  entire  ocean  wave  spectrum,  even  down  to  wavelengths 
as  short  as  one  meter.  In  addition,  the  directivity  of  such  a  system 
should  exceed  that  obtainable  froth  buoy  measurements.  Finally,  the 
system  should  be  compatible  with  airborne  and  spacebome  platforms 
for  large-scale,  synoptic,  remote  sensing  of  the  seas. 

2.  Origin  of  the  New  Technique 

The  three-frequency  scatterometcr  is  a  recently  conceived 
microwave  remote  sensing  technique  which  theoretically  has  the  ability 
to  accurately  measure  directional  ocean  wave  spectra.  The  three- 
frequency  technique  was  developed  through  a  re-examination  of  the 
theory  behind  the  related  dual-frequency  scatterometcr.  Both  of  these 
techniques  involve  scattering  areas  which  are  so  large  that  wave 
features  are  not  resolved.  Wave  properties  are  studied  instead  by  spa¬ 
tially  resonating  with  selected  waves  over  the  entire  area.  A  non¬ 
resonant,  clutter  background  return  forms  a  signiHcant  and  undesirabi' 
part  of  the  dual-frequency  scatterometcr  output.  This  unwanted  contri¬ 
bution  severely  limits  the  minimum  signal  detectability.  The  new 
three-frequency  technique  actually  converts  this  background  term  into  a 
part  of  ^e  wave  modulated  signal,  thus  creating  a  system  whose 
detectable  signal  range  is  limited  only  by  system  thermal  noise.  The 
most  obvious  benefit  from  the  improved  signal  quality  and  dynamic 
range  is  that  accurate  measurements  can  be  made  on  the  weaker,  low- 
amplitude  wave  systems  that  occur  at  both  ends  of  the  spectrum.  A 
knowledge  of  the  short  wavelength  (15  m  or  less)  waves  is  important  to 


underwater  acoustic-system  performance,  to  studies  of  the  early  stages 
of  growth  of  wind-wave  systems,  and  the  the  detection  of  surface  man¬ 
ifestations  of  internal  waves. 

The  three-frequency  scatterometcr  concept  is  closely  related  to  the 
well-developed  dual-frequency  technique  which  has  been  used  to  meas¬ 
ure  both  directional  wave  spectra  and  surface  current  flows.  Both 
types  of  scatterometers  operate  coherently  in  the  microwave  band  and 
transmit  carrier  signals  separated  in  frequency  by  some  A/  which  is  in 
the  megahertz  range.  Return  signals  due  to  each  of  the  transmitted  sig¬ 
nals  are  separately  received  and  then  beat  together.  The  power  spec¬ 
trum  of  the  resultant  output  when  any  pair  of  signals  is  beat  together 
contains  the  sum  of  a  broad  background  spectrum  and  a  sharp  reso¬ 
nance  line.  The  background  spectrum  is  the  result  of  a  convolution  of 
the  Doppler  spectra  of  the  two  received  microwave  signals.  The  sharp 
“Ak”  line,  on  the  other  hand,  is  the  result  of  a  resonance  between  the 
beat  pattern  of  the  two  electromagnetic  signals  and  the  modulation  pat¬ 
tern  of  the  short  ocean  surface  waves  (centimetric  “Bragg  waves”) 
responsible  for  the  backscatter. 

The  ratio  of  integrated  intensities  of  the  Aili-line  and  the  back¬ 
ground  spectrum,  x.  has_been  shown  to  be  related  to  the  surface  wave 
slope  spectral  density  S{K„)  by  the  equation 

2ir^|m|^5(KJcot/i^(M) 


where  d  is  water  depth,  A  is  illuminated  area,  and  m  is  the  modulation 
transfer  function  relating  the  received  power  modulation  to  the  slope  of 
the  long  surface  wave.  The  inverse  dependence  of  x  ott  A  has  been 
observed  experimentally  and  the  equation  has  been  shown  to  account 
well  for  observed  values  of  x-  The  three-frequency  scatterometcr  was 
conceived  of  as  a  solution  to  the  problem  of  inferior  signal  to  back¬ 
ground  performance  which  characterized  the  two-frequency  method. 
Calculations  indicate  that  the  three-frequency  technique  will  produce 
signal-to-background  ratios  16  dB  better  than  the  dual-frequency  tech¬ 
nique  operating  from  a  spacebome  platform. 

3.  Theory  of  the  Technique 

The  three-frequency  scatterometcr  concept  is  most  easily  under¬ 
stood  by  considering  a  microwave  system  transmitting  four  carrier  fre¬ 
quencies  either  simultaneously,  or  in  rapid  time  sequence.  Each  of  the 
pairs  of  signals  separated  by  A/could  be  processed  to  obtain  a  conven¬ 
tional  dual-frequency  scatterometcr  output  If,  however,  we  allow  the 
separation  6/bctwecn  these  two  pairs  to  become  equal  to  A/then  high 
signal  quality  three-frequency  scatterometcr  measurements  can  be 
made. 
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The  processing  of  the  three-frequency  output  signals  can  be  car¬ 
ried  out  quite  simpiy  in  the  time  domain.  Returns  due  to  the  three 
equally-spaced  transmitted  frequencies,  £|,£2i  and  £3,  are  first  mul¬ 
tiplied  in  pairs  and  low  pass  filtered  to  yield  £i£2  and  £2£3  (called 
P„  and  P|).  These  resultant  products  are  then  multiplied  together  and 
low  pass  filtered  to  yield  P„/,  the  desired  mean  vaiue.  Thus,  the 
Fourier  transforming  techniques  employed  above  to  obtain  frequency 
spectra  are,  in  fact,  not  realiy  required  to  process  three-frequency  data 
to  obtain  ocean  wavenumber  spectra.  The  value  P„i  is  important 
because  it  is  a  quantity  which,  as  we  will  see,  can  be  directly  related  to 
wave  slope  (or  height)  spectral  density  for  a  water  wavenumber 
Xh.  =  2Mcos9.  It  can  be  shown  (Schuler,  et  al.,  1984)  that  an 
expression  for  a  normalized  vaiue  of  P„t  may  be  given  by, 

Pni  _  2-^  I  m(bk)  I  ^5(M)coth^(A£d) 

P  A  '  ' 

where  jj  (f,g  speed  of  iight), 

c 

m(M)  =  modulation  transfer  function, 

=  wave  slope  spectral  density, 

A  =  scattering  cell  area, 
d  =  water  depth, 

P  =  system  output  when  &f  =  bf  =  0. 

Equation  (2)  indicated  that  the  system  output  is  proportional  to  wave 
slope.  Wave  slope  and  wave  height  spectra  £(Ai:)  are,  however, 
related  by 

S(bk)  =  (.^9  '  F(bk)  (3) 

Combining  Equations  (2)  and  (3)  we  may  solve  for  the  ocean  wave 
height  spectra  F(bk), 

F(m  =  — ^ — r. — ^ ^  W 

2it2(M)^  1  m(Aife)  I  ^coth^AJW)  P 

The  value  of  m(,bk)  is,  in  reality,  a  compiicated  function  of  both  geo¬ 
physical  and  microwave  parameters.  Its  vaiue,  however,  has  been 
experimentally  determined  for  many  cases  (particulariy  at  L-Band  and 
Ky-Band)  and  Equation  (4)  may  then  be  used  to  determine  £(A^)  from 
the  three-frequency  scatteiometer  outputs. 

4.  Experimental  Verifleation  of  the  Concept 

Extensive  experimental  measurements  using  both  L-oand  and 
Ky-Band  radars  have  been  made  from  an  Army  pier-site  located  on  the 
coast  of  the  Atlantic  Ocean.  Two  separate  measurement  campaigns 
conducted  during  1984,  and  1988  will  be  reported  on.  Ocean  wave 
spectra  compared  favorably  with  non-directional  in-situ  Baylor  Gauge 
data  during  all  periods. 

The  ultimate  objective  of  this  program  was  to  develop  an  airborne 
wave  sixKtrometer.  The  eariy  L-band  measurements  were  a  necessary 
first  step  which  led  to  the  development  of  a  Ky-band  three  frequency 
system  which  was  more  suitable  for  aircraft  deployment.  Ibis  Ky- 
band  system  was  first  successfuliy  tested  in  1988. 

The  prototype  L-band  version  of  the  three-frequency  scatterome- 
ter  was  buiit  and  experimentaily  tested  at  the  Army  Coastal  Engineer¬ 
ing  Research  Center  (CERC)  Field  Research  Facility  at  Duck,  North 
Carolina.  Measurements  of  wave  spectra  were  (xtiricd  out  during  the 
period  4-8  June  1984  from  a  site  at  the  end  of  the  pier  lS-10  feet  out  in 
the  Atlantic  Ocean.  Data  runs  were  scheduled  to  straddle  the  thirty- 
four  minute  data  acquisition  periods  used  by  CERC  for  the  Baylor 
gauges  mounted  along  the  pier.  These  Baylor  gauges  yield  a  non- 


directional  estimate  of  wave  height  (vs  wave  frequency)  and  were  used 
as  a  source  of  comparative  data  for  the  scatterometer.  The  data  were 
made  comparable  by  converting  the  Baylor  gauge  data  to  a 
wavenumber  spectrum  and  by  correcting  the  three-frequency  scatterom¬ 
eter  data  for  (1)  depth  differences,  (2)  directionality,  and  by  (3)  assum¬ 
ing  a  value  for  the  L-band  (or  Ky-band)  modulation  transfer  function 
m(bk)  which  was  correct  for  the  environmentai  conditions  that  were 
present. 

The  series  of  experiments  (4-8  June  1984)  was  performed  at  the 
CERC  Duck,  NC  pier  to  determine  if  muitiplexing,  or  paraliei  process¬ 
ing,  of  the  wave  spectral  information  could  be  utilized  to  dramaticaliy 
reduce  the  overall  data  acquisition  period.  Figure  1  gives  an  example 
of  a  de-multiplexed  wave  height  spectra  derived  from  data  taken  on  S 
June  1984.  The  wind  was  from  the  southeast  at  15  kts  during  the 
measurements  and  the  significant  wave  height  was  0.57  m.  The  scat¬ 
terometer  and  the  Baylor  gauge  spectra  agree  in  both  magnihide  and 
general  shape.  The  9.75  second  (77  meter)  dominant  wave  was 
detected  by  both  systems. 


Fig.  1  —  Example  of  de-multiplexed  three-frequency  scatterometer  data 
(5  June  1984), 

In  April,  1988  a  Ky-band  version  of  the  three-frequency  wave 
spectrometer  was  tested  at  CERC.  This  new  system  operated  by 
transmitting  80  triads  of  frequency  (+AF,  —  AF  and  a  separate 
AF  =  0  signal)  in  16  ms.  These  bursts  of  frequency  are  repeated  and 
the  returns  averaged.  For  the  measurements  reported  on  here  each 
wave  spectrai  measurement  is  an  average  of  1280  independent  returns. 
Thus,  80  highly  averaged,  long  wave  spectral  estimates  were  carried 
out  in  approximately  52  seconds.  Longer,  more  stable  averages  can, 
of  course,  be  achieved  by  concatenating  sequential  data-files  of  this 
same  size. 

Figure  2  shows  samples  of  wave  spectra  which  were  measured  by 
the  Ky-band  system  and  ^e  CERC  Baylor  gauge  on  6  April  1988  dur- 
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WES/CERC-FIELD  RESEARCH  FACILITY 

TRIFAR  WAVENUMBER  SPECTRA  6  April  1988  at  1300  EST 

6  April  1988 


WAVENUMBER  |m  "  ’ |  FREQUENCY  IHzl 

TRIFAR  WAVENUMBER  SPECTRA  WES/CERC-FIELD  RESEARCH  FACILITY 


0  0.168  0.335  0.503  0.670  0.838  0.0  0.1  0.2  0.3  0.4  0.5 

WAVENUMBER  lm"'l  FREQUENCY  IHzl 

TEMPORAL  DEVELOPMENT  OF  A  FETCH-LIMITED  WIND  WAVE  SYSTEM 

Fig.  2  —  Comparison  of  three-ftequency  Ku-band  scatterometer 
and  Baylor  Gauge  Wave  Spectra  (6  April  1988). 


ing  the  passage  of  an  atmospheric  front.  This  event  did  not  produce  a  terometer  technique.  The  theory  that  has  been  developed  for  the  tech- 

storm  of  signiflcant  proportions,  but  did  allow  measurements  to  be  nique  is  well  founded  and  yields  accurate  estimates  of  wave  spectra, 

made  on  a  developing  wind-wave  system  and  an  existing  swell  from  a  Furthermore,  a  multiplexed  version  of  the  basic  three-frequency  scat- 

different  direction.  On  6  April  shortly  after  1400  EST  the  wind  terometer  has  been  shown  to  be  a  practical  means  of  collecting  data 

strength  increased  from  ~5  m/s  to  12-lS  m/s  from  160°.  Prior  to  this  during  acquisition  times  that  are  short  enough  so  that  naturally  occur- 

event  the  sea  had  been  almost  calm  with  a  90  m  visible  swell  coming  ring  dynamic,  geophysical  changes  in  the  wave  field  may  be  studied, 

from  105°,  the  result  of  an  earlier  storm.  By  1600  EST  the  wind  was 
a  reasonably  steady  12  m/s  and  a  wind  wave  system  was  beginning  to 
develop  in  this  direction.  The  antemia  used  (2.5°  x  2.5°  half-power  - 
widths)  and  the  radar  pulsewidth  used  (2  /is)  provided  an  illuminated 
backscatter  footprint  of  30  m  azimuthally  by  300  m  radially.  Such  an 
elongated  footprint  does  not  provide  much  directional  sensitivity  in  the 

look  direction.  Therefore,  the  sequential  plots  of  wavespectra  References 

presented  in  Figure  2  show  peaks  associated  with  both  the  90  m  swell 

and  the  developing  windwave  spectra.  In  Figure  2  the  long  wavelength  Schuler,  D.L.,  Plant,  W.J.,  and  Eng.  W.P.,  1981,  “Remote  Sensing 
swell  appem  at  .07  m”’,  the  windwave  spectrum  at  .35  m”*  to  .80  of  the  Sea  Using  One-  and  Two-Frequency  Microwave  Tech- 

m”’.  A  third  spectral  p^  centered  at  .167  m”*  is  also  present  in  niques,”  Radio  Science,  Vol.  15,  No.  3,  pgs.  605-15,  May-June 

the  Baylor  Gauge  records  and  was  produced  by  waves  developing  over 
a  longer  fetch  and  propagating  nearly  parallel  to  the  shore. 

Schuler,  D.L.,  Plant,  W.J.,  Reeves,  A.B.,  and  Eng.  W.P.,  1984, 
5.  Conclusions  “Removal  of  Clutter  Background  Limitations  in  Dual-Frequency 

Scattering  from  the  Ocean;  The  Three-Frequency  Scatterometer,” 
We  have  demonstrated  through  field-experimentation  that  ocean  fnt.  Journal  of  Remote  Sensing,  Vol.  6,  No.  7,  pgs.  1091-1112, 

wave  height  spectra  are  measurable  using  the  three-frequency  scat-  1985. 
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ABSTRACT 

On  January  19**^,  1988  an  experiment  with  X-band 
SLAR  has  been  performed  to  study  the  possibilities  and 
limitations  for  cartographic  mapping  of  sea  bottom 
topography  with  the  aid  of  imaging  radar.  The  bottom 
topography  of  the  test  area  Is  dominated  by  sand  waves 
with  a  height  between  2  and  6  m  and  a  crest-to-crest 
distance  of  typically  500  m.  Simultaneously  with  the 
radar  measurements  wind  and  wave  date  were  collected 
on  the  Noordwljk  Tower  (MFN)  at  20  km  from  the  test 
area,  and  the  current  velocity  profile  was  measured 
from  two  ships  In  the  test  ares.  The  results  of  the 
current  measurements  agree  with  the  continuity  equati¬ 
ons.  It  Is  shown  that  the  extremes  In  the  radar 
backscatter  are  located  right  above  regions  with 
maximum  bottom  slope,  with  an  error  In  position  of  two 
pixel  sizes  (30  m).  In  agreement  with  simple  relaxati¬ 
on  models  like  the  model  of  Alpers  and  Hennings 
(1984). 


2.  OVERVIEW  OF  THE  THEORIES 

It  Is  now  generally  accepted  that  the  Imaging 
mechanism  consists  of  three  steps  i 

1.  interaction  between  (tidal)  flow  and  bottom 
topography  produces  modulations  In  the  surface 
current  velocity,  usually  described  with  the 
continuity  equations  (mass  conservation). 

2.  modulations  In  the  surface  current  velocity  cause 
variations  In  the  wind-wave  spectrum  as  described 
by  the  action  balance  equation. 

3.  variations  In  the  wave  spectrum  express  themselves 
as  spatial  modulations  In  the  backscattered 
intensity. 

Note  that  if  first  order  Bragg  scattering  Is  assumed 
to  be  the  dominant  scattering  mechanism,  the  backscat¬ 
tered  intensity  Is  proportional  to  the  wave  height 
spectrum  at  the  Bragg  wave  number  kg  given  by 

kg  *■  2  k  8ln(9)  ,  (1) 


Key  words  ;  bottom  topography 
X-band  SLAR 
Imaging  mechanism 
sand  waves 
imaging  radar 


1.  INTRODDCTIOH 

It  Is  known  for  some  time  now  that  under  suitable 
conditions  (moderate  wind  and  strong  tidal  current) 
the  bottom  topography  of  shallow  seas  can  be  made 
visible  with  Imaging  radar  (Side  Looking  Airborne 
Radar,  SLAR  and  Synthetic  Aperture  Radar,  SAR).  This 
phenomenon  was  discovered  In  1969  by  de  Loor  (de  Loor 
and  Brunsveld  van  Hulten,  1978  ;  de  Loor,  1981) 
After  the  SEASAT  mission  In  1978  the  phenomenon 
provoked  considerable  interest,  both  from  theoretical 
and  experimental  side. 

The  mapping  of  sea  bottom  topography  Is  studied  In 
the  Netherlands  as  a  part  of  the  Netherlands  National 
Remote  Sensing  Program  (NRSP).  On  January  19-^  an 
experiment  has  been  performed  to  study  the  usability 
of  radar  Imagery  of  the  sea  for  cartographic  purposes. 
The  experiment  was  set  up  in  such  a  way  that  it  is 
possible  to  compare  the  predictions  of  existing  models 
of  the  imaging  mechanism  with  the  experimental  re¬ 
sults.  In  this  work  we  will  concentrate  ourselves  on 
the  positional  relation  between  radar  images  and 
bathymetric  maps. 


where  k  Is  the  wave  number  of  the  incident  radar 
radiation  and  6  the  angle  of  incidence. 

Models  of  this  kind  have  been  proposed  by  Alpers 
and  Hennings  (1984),  Shuchman,  Lyzenga  and  Meadows 
(1985),  Holliday,  St-Cyr  and  Woods  (1986),  van  Gastel 
(1987a)  and  Hennings  (1988).  The  central  point  in 
these  models  Is  the  second  step  ;  the  solution  of  the 
action  balance  equation.  Van  Gastel  (1987a)  includes 
the  effect  of  wind  Input,  dissipation  and  non-linear 
wave -wave  interactions  in  a  rigorous  way  into  the 
source  term  of  the  action  balance  equation,  while  the 
other  models  (further  referred  to  as  simple  relaxation 
models)  employ  a  simple  form  for  the  source  term. 

These  simple  relaxation  models  describe  SEASAT  L- 
band  data  well.  At  X-band,  however,  these  models 
underestimate  the  radar  backscatter  by  an  order  of 
magnitude  at  least.  This  can  be  explained  by  nonlinear 
wave-wave  interactions  (van  Gastel,  1987a)  or  other 
scattering  mechanisms  than  first  order  Bragg  (Holli¬ 
day,  1986  ;  Hennings,  1988). 

Vogelzang  (1989)  has  compared  the  simple  relaxation 
models  by  solving  the  action  balance  equation  numeri¬ 
cally.  He  has  shown  that  for  modulations  of  10  I  in 
the  current  velocity  these  models  produce  similar 
results  for  the  hydrodynamic  modulation.  In  particu¬ 
lar,  advection  can  be  neglected  at  X-band  for  wind 
speeds  exceeding  5  m/s.  Therefore  the  Alpers  and 
Hennings  (1984)  model  should  be  applicable  In  this 
case.  According  to  this  model,  the  radar  backscatter 
is  proportional  to  with  d  the  depth  and 
Vpg2.(d)  the  gradient  of  the  depth  perpendicular  to  the 
sand  wave  crests  in  the  direction  of  the  current 
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velocity.  As  a  consequence,  the  extremes  in  the  radar 
backscatter  are  located  right  above  regions  with 
maximum  bottom  slope. 


3.  DESCRIPTION  OF  THE  EXPERIMENT 

For  reasons  of  completeness  a  short  description  of 
the  experiment  is  given  here.  More  information  can  be 
found  elsewhere  (Vogelzang  et  al.,  1988). 

The  experiment  was  performed  in  a  test  area  measu¬ 
ring  S  X  S  km,  20  km  North  West  to  the  Noordwljk  Tower 
(MFH),  '0  km  off  the  Dutch  coast.  The  bottom  topograp¬ 
hy  ir.  Is  area  is  dominated  by  sand  waves  with  a 
heigh .  ur-  .ween  2  and  6  m  and  a  crest-to-crest  distance 
of  t.  > lly  500  m  at  a  depth  of  about  23  m.  The  sand 
wave  .  sts  are  oriented  perpendicular  to  the  coast 
line  -cd  perpendicular  to  the  dominating  current 
direr  •  Ion. 

An  ordinary  bathymetric  map  of  the  test  area  was 
digitized.  Using  spline  interpolation  techniques  it  is 
possible  to  construct  maps  of  depth  and  bottom  slope. 

The  test  area  was  recorded  from  four  different 
flight  directions  (two  parallel  and  two  perpendicular 
to  the  sand  wave  crests),  to  study  the  effect  of  the 
flight  direction  relative  to  the  bank  and  wind  direc¬ 
tion.  Two  flights  were  made,  at  opposing  directions  of 
the  current  velocity,  to  study  the  effect  of  the 
current  velocity  direction. 

Simultaneously  the  current  velocity  profile  was 
measured  from  two  ships,  the  'Octans*  and  the  ’Smal 
Agt*.  The  position  of  the  'Octans*  was  recorded  with 
high  precision  using  a  HYPERFIX  positioning  system. 
Wind,  wave  and  temperature  data  were  collected  at  MPN. 

The  radar  measurements  were  performed  using  the 
Dutch  Digital  SLAR.  With  this  X-band  SLAR  system  and 
the  processing  facilities  at  the  National  Aerospace 
Laboratory,  it  is  possible  to  obtain  both  geometrical¬ 
ly  and  radlometrically  correct  images.  The  pixel  size 
of  the  resulting  images  is  15  x  15  mi  the  radiometric 
resolution  0.2  dB. 

A  long  radar  pulse  has  been  chosen  to  increase  the 
sensitivity  of  the  radar  system.  As  a  consequence,  the 
images  are  not  absolutely  radlometrically  calibrated. 
Since  we  are  mainly  interested  in  relative  differen¬ 
ces,  and  the  images  are  still  relatively  radlometri¬ 
cally  calibrated,  this  is  not  considered  a  serious 
drawback. 


4.  RESULTS  AND  DISCUSSION 
4.1  Current  velocity 

The  current  velocity  profiles  measured  during  the 
experiment  were  processed  using  Davies’  method  (Da¬ 
vies,  1988)  to  obtain  the  averaged  (in  the  vertical) 
current  velocity.  According  to  the  continuity  equati¬ 
ons,  the  components  of  the  current  velocity  parallel 
and  perpendicular  to  the  sand  wave  crests,  Upg^  and 
Uper,  are  given  by 

Hpar  "  ^par  •  (2a) 

((per  **  ((per^^  *  (2b) 

with  d  the  depth  and  and  Cpe^  constants,  depen¬ 

ding  only  on  time.  This  means  that  both  the  averazed 
current  velocity  parallel  to  the  sand  wave  crests  and 
the  discharge  perpendicular  to  the  sand  wave  crests 
are  constant,  with  the  discharge  D  defined  as 

D  -  Uper  d  (1  m)  .  (3) 


The  factor  (1  m)  has  been  included  in  (3)  to  give  D 
the  dimension  m^/s. 

Figure  la  shows  the  discharge  D  for  the  current 
measurements  from  the  ships,  while  figure  lb  shows  the 
current  velocity  parallel  to  the  sand  wave  crests 
Upar>  The  error  in  the  magnitude  of  the  averaged 
current  velocity  was  estimated  10  Z,  the  same  as  the 
error  in  the  measured  current  velocities.  The  error  in 
the  direction  of  the  current  velocity  was  5* ,  the 
error  in  the  sand  wave  direction  also  5°.  From  figures 
la  and  lb  one  can  see  that  the  measurements  from  the 
two  ships  overlap  within  the  error  bars,  in  agreement 
with  the  continuity  equations,  except  around  18:30  GMT 
when  the  current  velocity  vanishes.  These  results 
agree  with  those  of  similar  measurements  by  van  Gastel 
(1987b). 

However,  due  to , the  large  errors  in  the  measure¬ 
ments  this  can  not  be  regarded  as  conclusive  evidence 
for  the  validity  of  the  continuity  equations.  Moreo¬ 
ver,  it  can  not  be  concluded  whether  or  not  the 
ceaximum  current  velocity  is  located  right  above  the 
sand  wave  crests.  More  precise  and  elaborate  measure¬ 
ments  are  needed  to  settle  this  point. 


time  (GMT) 


Figure  la.  The  discharge  D  as  a  function  of  time. 


time  (GMI) 

Figure  lb.  The  current  velocity  parallel  to  the  sand 
wave  crests,  Upgj,  as  a  function  of  time. 
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Image 

Recording  time 

Image 

Hind 

Current 

no. 

begin 

end 

dir. 

speed 

dir. 

speed  dir. 

1 

14:46:59 

14:49:01 

-62*’ 

8.3 

lo.*;' 

0.8  20' 

5 

20*33*07 

20:35:09 

-60' 

7.4 

197' 

0.6  -160' 

Table  1.  Some  flight  data  and  ground  meaaurenents. 


4.S  Relation  between  radar  images  and  bathymetric  maoa 

A  total  number  of  eight  radar  Images  has  been 
obtained  during  the  experiment.  Tvo  of  them,  images  1 
and  5,  have  the  flight  direction  parallel  to  the  sand 
wave  crests  and  the  range  direction  in  the  upwlnd/- 
crosswind  direction.  These  Images  show  the  sand  waves 
most  clearly  and  were  selected  for  further  study.  Some 
flight  data  and  ground  measurements  relevant  for  these 
Images  are  listed  in  table  1. 

The  recording  times,  tnrltten  as  hh:mm:s8,  are  in 
GMT.  The  image  direction  roughly  corresponds  to  the 
flight  direction,  the  difference  between  the  two  due 
to  the  wind.  All  speeds  are  in  m/s,  all  directions  in 
degrees  true  North. 

The  quality  of  the  Images  is  rather  poor,  due  to 
the  low  sensitivity  of  the  radar  system.  Moreover,  the 
meteorological  conditions  were  stable  by  1  •  2  °C, 
which  may  affect  the  quality  of  the  images  in  a 
negative  way,  because  the  radar  backscatter  of  the  sea 
decreases  with  Increasing  stability.  The  images  were 
filtered  with  a  3  x  3  median  filter  to  exhibit  the 
sand  waves  more  clearly. 

Using  the  position  data  of  the  'Oceans'  It  is 
possible  to  fix  the  position  in  the  radar  images  with 
an  error  of  tvo  pixel  sizes  (30  m)  at  most.  Digitized 
maps  of  depth  and  bottom  slope  with  the  same  scale  as 
the  radar  Images  were  constructed.  Figures  2a  and  2b 


show  parts  of  Images  1  and  S,  both  129  x  129  pixels, 
with  contour  lines  of  7per(d)/d^.  The  sand  wave  crests 
were  taken  parallel  to  the  image  direction.  The  ships 
are  visible  es  orange  spots  in  the  lower  left  corner. 

As  can  be  seen  from  these  figures,  regions  where 
7per(U)/d^  is  minimal  correspond  with  high  bsckscatter 
(light  area's)  in  figure  2a  and  regions  where 
7per(<l)/d^  is  maximal  correspond  with  low  bsckscatter 
(dark  area's)  in  figure  2b.  This  is  in' perfect  egree- 
ment  with  the  predictions  by  simple  relaxation  models. 

Note  that  go°<l  approximation 
proportional  to  the  bottom  slope  since  the  change  in 
depth  is  small  compared  to  the  change  in  slope. 
Therefore  the  radar  images  show  the  bottom  slope.  The 
banded  structure  of  the  radar  Images  is  caused  by  the 
fact  that  the  sand  waves  have  an  asymmetric  profile  t 
they  look  more  like  a  saw-tooth  than  s  sine.  The 
steeper  slopes  show  up  as  light  (image  1)  or  derk 
(image  5)  bands,  while  the  gentle  slopes  act  as  a 
background.  The  Images  look  like  each  others  negative 
because  of  the  change  in  current  direction.  It  should 
be  noted  that  not  all  features  on  the  radar  image  are 
related  to  bottom  structures.  This  is  considered  to  be 
due  to  the  quality  of  the  images.  The  modulation  in 
the  radar  images  is  about  4  dB. 

To  quantify  the  relation  between  the  radar  images 
and  the  map  of  Uper^*^)/*^^*  correlation  coefficient 
between  image  and  map  has  been  calculated.  Figure  3 


Figure  2a.  Parc  of  radar  image  1  with  contour  lines  of 
7per(<*)/d^‘  The  image  direction  is  from 
left  to  right,  the  range  direction  from 
bottom  to  cop.  The  values  of  are 

10"*  (green),  5  10"^  (orange),  -5  10'^ 
(yellow)  and  -10"*  (red).  The  current  is 
directed  from  top  to  bottom. 


Figure  2b.  Parc  of  radar  image  S  with  contour  lines  of 
VoerWId^,  See  figure  2a.  The  current  is 
directed  from  bottom  to  top. 
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shows  the  result  of  this  calculation  for  Images  1  and 

5.  The  correlation  coefficient  Cjt  with  J  the  shift  of 
the  radar  image  relative  to  t^e  map  in  the  range 
direction,  has  for  both  image  1  and  S  a  clear  minimum 
at  J  >  1 .  This  means  that  the  minimum  correlation 
occurs  if  the  radar  image  is  shifted  one  pixel  upward 
relative  to  the  map  of  VpaE(d)/d2.  Since  the  error  in 
position  is  two  pixel  sizes,  this  implies  that  the 
extremes  in  the  radar  backscatter  are  located  right 
above  regions  with  maximum  bottom  slope,  with  an  error 
of  two  pixel  sizes  (30  m). 

The  quality  of  the  images  is  not  good  enough  for 
Inverse  modelling  (calculation  of  the  bottom  slope 
from  the  radar  image ) . 


J 

Figure  3#  Correlation  coefficient  Cj  between  radar 
images  and  Vpei(d)/d2, 


5.  CONCLUSIONS 

From  the  results  of  the  experiment  described  in 
this  paper  the  following  conclusions  are  drawn  s 

-  The  measured  current  velocities  agree  with  the 
continuity  equations. 

-  The  extremes  in  radar  backscatter  are  located  right 
above  regions  with  maximum  bottom  slope  for  X-band 
at  winds  exceeding  7  m/s.  This  is  in  perfect 
agreement  with  predictions  by  simple  relaxation 
models. 


ACKNOWLEDOaffiKIS 

This  work  has  been  financially  supported  by  the 
Netherlands  Remote  Sensing  Board  (BCRS)  as  part  of  the 
Netherlands  National  Remote  Sensing  Program  (NRSF). 


REFERENCES 

1.  Alpers,  H.  and  Hennings,  I.,  "A  theory  of  the 
imaging  mechanism  of  underwater  bottom  topography  by 
real  and  synthetic  aperture  radar",  J.  Geophys.  Res., 
89  C,  pp  10529-10546,  1984. 

2.  Davies,  A.M. ,  "On  formulating  two-dimensional 
vertically  integrated  hydrodynamic  numerical  models 
with  an  enhanced  representation  of  bed  stress",  J. 
Geophys.  Res.,  93  C,  pp  1241-1263,  1988. 

3.  Van  Gastel,  R. ,  "Imaging  by  X-band  radar  of  subsur¬ 
face  features  :  a  nonlinear  phenomenon",  J.  Geophys. 
Res.,  92  C,  pp  11857-11865,  1987a. 

4.  Van  Gastel,  K. ,  "Velocity  profiles  of  tidal  cur¬ 
rents  over  sand  waves",  Neth.  J.  Sea  Research,  21,  pp 
159-170,  1987b. 

5.  Hennings,!.,  "Abblldung  von  submariner  Bodentopo- 
graphle  auf  Luft-  und  Satellltbildern  Im  Mlkrowellen- 
bereich  und  im  slchtbaren  Bere^ch  des  elektromagnetl- 
schen  Spectrums",  Ph.  D.' Thesis,  University  of  Bremen, 
Bremen,  FRG,  1988. 

6.  Holliday,  D.,  St-Cyr,  G.  and  Hoods,  N.E.,  "A  radar 
ocean  imaging  model  for  small  to  moderate  incidence 
angles",  Int.  J.  Remote  Sensing,  7,  pp  1809-1834, 
1986. 

7.  De  Loor,  G.P.  and  Brunsveld  van  Hulten,  H.H. , 
"Microwave  measurements  over  the  North  Sea",  Bound. 
Lay.  Met.  13,  pp  113-131,  1978. 

8.  De  Loot,  G.P.,  "The  observation  of  tidal  patterns, 
currents  and  bathymetry  with  SLAR  imagery  of  the  sea", 
IEEE  J..  Ocean.  Engin.,  OE-6,  pp  124-129,  1981. 

9.  Shuchman,  R.A. ,  Lyzenga,  D.R.  and  Meadows,  G.A. , 
"Synthetic  aperture  radar  imaging  of  ocean-bottom 
topography  via  tidal-current  interactions  i  theory  and 
observations",  Int.  J.  Remote  Sensing,  6,  pp  1179- 
1200,  1985. 

10.  Vogelzang,  J.,  "The  mapping  of  bottom  topography 
with  imaging  radar  ;  a  comparison  of  the  hydrodynamic 
modulation  in  some  existing  models".  Accepted  for 
publication  in  Int.  J.  Remote  Sensing,  1989. 

11.  Vogelzang,  J.,  Henslnk,  G.J.,  de  Loor,  G.F., 
Peters,  H.C.  and  Pouwels,  H. ,  "Sea  bottom  topography 
with  X-band  SLAR  t  evaluation  of  existing  models", 
Proc.  IGARSS  ’88,  Edinburgh,  Scotland,  pp  1303-1307, 
1988. 


2342 


Removal  o-f  180°  ambiguity  in  SAR  images  o-f  ocean  waves 

W.  Rosenthal ^ ,  F..  Ziemer^,  K.Ranev'^  and  P.Vachon^ 

^  GKS8  Research  Centre,  West  Germany 
2  Canadien  Centre  -for  Remote  Sensing,  Canada 


Abstract 

Time  series  o-f  wave  pattern  images  pro¬ 
vide  the  opportunity  -for  the  three  dimen¬ 
sional  spectral  analysis.  In  the  present 
•feasibility  study  a  three  dimensional 
spectral  analysis  was  applied  to  the 
seven  single  looks  of  a  SAR.  Each  single 
image  covers  an  area  of  the  water  surface 
at  a  fixed  time  period  (the  integration 
time).  The  images  are  separated  by  a  well 
defined  constant  time  step.  This  is  the 
necessary  condition  for  the  FFT  applica¬ 
tion  in  the  time  domain. 

In  the  past  this  three  dimensional  analy¬ 
sis  technique  was  used  successfully  for 
the  processing  of  wave  image  measurements 
from  shipborne  navigation  radar. 

The  presented  results  demonstrate  the 
successful  remove  of  the  directional 
ambiguity  inherent  in  traditional  two 
dimensional  wave  image  spectra. 

Key  words:  SAR-i mages,  Ouoan  Waves  and 
directional  ambiguity. 


1.  Introduction 

The  180°  directional  ambiguity  is  a  prob¬ 
lem,  that  IS  not  restricted  to  radar,  but 
occurs  in  any  sea  surface  imaging  system. 
In  C13  it  was  demonstrated,  that  for  the 
use  of  images  sampled  at  two  successive 
time  steps  with  the  step  length  <,  the 
remove  of  ambiguity  could  be  achieved  for 
0  <  k  <  H=/gY2. 

In  C23  an  alternative  way  to  resolve  this 
ambiguity  problem  was  presented.  This 
method  was  used  for  the  present  feasibi¬ 
lity  study.  The  concept  of  the  methode 
rests  on  a  three  dimensional  description 
of  ocean  waves  provided  by  a  time  series 
of  wave  pattern  images. 

The  Fourier  presentation  of  a  three 
dimensional  sample  is  defined  over  three 
dimensions  as  well.  Two  dimensions  are 
defined  by  the  two  wave  number  components 
and  the  third  by  the  frequency.  The 
property  of  symmetry  is  inherent  in  the 
three  dimensional  Fourier  space  as  well. 
But  the  frequency  information  provides 


the  tool  to  separate  wave  energy  with 
positive  frequencies  from  those  with 
negative.  Wave  energy  with  positive  fre¬ 
quency  gives  by  its  wavenumber  vector  the 
unique  direction  of  propagation. 

This  technique  is  successfully  used  in 
routine  in  the  application  with  shipborne 
navigation  radar  (see:  C2D  -  t5D). 

For  the  analysis  of  measurements  from 
airborne  radar  sensors  is,  because  of  the 
lacl<  of  resolution  in  time,  the  two 
dimensional  Fourier  analysis  the  routine 
application.  For  processing  the  SAR 
(Synthetic  Aperture  Radar)  imaging  nor¬ 
mally  the  full  bandwidth  in  the  Doppler 
shifted  radar  backscatter  is  .used  for 
enlarging  the  acimuthal  resolution.  The 
theoretical  limit. for  the  resolution  is 
given  by  half  of  the  physical  length  of 
the  SAR  antenna. 

For  a  still  sufficient  resolution  of  the 
wave  energy  in  the  neighbourhood  of  the 
energy  peak  of  an  ocean  wave  field,  the 
pi.xel  length  may  be  enlarged.  Thus  by  a 
reduction  of  the  spacial  resolution  (by 
splitting  the  Doppler  bandwidth)  the  pos¬ 
sibility  to  separate  a  time  serie  of 
single  look  images  may  be  provided.  If 
the  time  stop  T  is  hold  constant  the 
neccessary  premise  for  the  application  of 
the  three  dimensional  analysis  is  given. 
The  proposed  technique  was  applied  to  a 
couple  of  measurements  from  the  LEWEX’87 
data  set.  This  data  set  presented  in  C53 
provides  the  unique  possibility  to  com¬ 
pare  most  of  the  today  used  instruments 
and  numerical  models  for  the  detection  of 
ocean  wave  directionality. 

2.  The  used  technique 

The  three  tiinierisiuiial  grey  level  matrix 
g(r)  is  related  to  the  wave  field  by  a 
transfer  mechanism  that  is  not  discussed 
in  this  paper.  This  time  senes  of  wave 
pattern  images  may  be  written  as  a  dis¬ 
crete  Fourier  series: 

_  N-1  i(^*r) 

(1)  g(r)=  Z  e(j?)e  -t-c.c.  , 

j=0 
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il^here  the  space  -  lime  vector  is  defined 
F=(K,y,t)  and  the  corresponding  vector  in 
the  Fourier  domain  by:  i!=  (k,, ,  kv> H  >  • 

The  Fourier  coefficients  G«7)  on  the 
right  side  of  (li  are  calculated  by  a 
three  dimensional  FFT: 

N-1  ^  -i(n-f) 

(2)  6(C2)=1/C  E  cj(r)  e 

j=0 


The  discrete  values  of  the  wavenumber  - 
frequency  vector  arc  preset  by: 

k„=iAk„  (i=-I/2, . .  ,0, . . ,  I/2-l> 

(3)  kv=jakv(j=-0/2, . .  ,0, . .  ,d/2-l> 

On=naO  (n=-N/2,. .  ,0,  .  .,N/2“1)  , 

where  AkH=2i(/L„,  akv=2fl/Lv  and  acj  ,'i=2'rt/T. 
Lm  and  Lv  are  the  total  length  of  the 
observed  scene  in  x-  and  y-  direction. 
The  total  observation  time  T  presets  the 
spacing  in  frequencies. 

The  normalised  image  power  spectrum  is 
defined  by: 

(4)  F<»>  (5)=  leiiT)  1  = 

The  superscript  in  <4)  gives  the  dimen¬ 
sion  of  the  used  Fourier  space.  From  (4> 
the  known  two  dimensional  presentation 
may  be  deduced  by  the  integration  along 
all  frequencies: 


+« 


<S>  F*:*’  (k)  = 


FJ»>  (n>dw  + 


FV*>  (n)dr.^ 


On  the  left  side  of  (5)  the  symmetric 
spectrum  is  given,  as  it  comes  out  the 
two  dimensional  FFT  used  for  the  analysis 
of  one  single  time  step.  On  the  right 
side  of  <5)  the  integration  is  given 
decomposed  for  negative  and  positive  fre¬ 
quencies. 

For  the  further  analysis  we  consider  only 
positive  frequencies  for  the  integration; 

+'C 

(6)  F^=>  (k)=  fFi=><n)dci. 

0 

This  technique  provides  unambiguous 
results  beginning  at  the  frequency 
cy  =l/2ad>'  up  to  the  Nyquiot  limit. 

3.  An  unambiguous  two  dimensional 
spectrum  derived  from  SAR  measurements 

From  a  SAR  measurement  of  a  wave  field 
penetrating  through  the  ice  edge  east  of 
New  Foundland  (Canada)  a  time  series  of 
seven  single  look  grey  level  scenes  was 
provided.  The  technique  for  the  scene 
separation  is  given  in  C6].  The  time  step 
was  choosen  to  be  't=0.76&ec.  Thus  the 
total  observation  time  is  T=4.56sec. 
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Figure  1. 

Isolines  of 
a  SAR  image 
spectrum  in 
four  wave 
number  planes: 
at  the  zero 
frequency  and 
at,  the  three 
positive  fre¬ 
quencies. 

The  measure¬ 
ment  was 

taken  by  CCRS. 

In  this  and 
in  all  fol¬ 
lowing  figu¬ 
res  the  image 
power  is  nor¬ 
malised  to  1 . 
Ten  isolines 
are  given 
with  a  0.1 
distance . 


This  time  senes  was  transf orniatevi  using 
a  throe  dimensional  FFT.  The  result ,  as 
defined  by  (4)  is  given  as  isolines  of 
normaliyed  image  power  in  figure  1.  This 
figure  shows  four  wavenumber  a::es.  The 
first  plane  is  the  plane  with  the  cero 
frequency  and  the  folloiiing  planes  are 
these  with  positive  frequencies. 

In  the  plane  with  the  cero  frequency  the 
directional  ambiguity  m  still  inherent. 
Thiv,-  IS  due  to  the  fact  that  each  plane 
containes  the  energy  from  the  intervall: 

(7)  Cfr.-l/2af  ,f„  +  l/2&f 3 

where;  fr,=CJn/ <2'7() .  The  quality  of  sym¬ 
metry  at  fr>=0  IS  caused  by  the  accumuia- 
tion  of  positive  as  well  as  negative 
frequencies  within  the  same  wavenumber 
bins  into  this  plane.  This  effect  is 
demonstrated  by  figure  I. 

In  the  next  plane,  with  the  centre  fre¬ 
quency  of  fi=0.22Hc  the  energies  from 
0. llHc  to  0.33Hz  are  accumulated.  This 
coveres  the  main  part  of  the  ocean  wave 
signal  that  was  detected  by  this  measure¬ 
ment. 
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Figure  2. 

I 80 lines  of  a  SAR  image  spectrum  in  the 
frequency  direction  plane.  The  image 
spectrum  is  calculated  from  the  sum  over 
all  four  planes  in  figure  1. 

The  ambiguous  part  is  due  to  the  symmetric 
energy  at  f-0. 
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In  the  next  two  planes  no  more  energy  is 
to  be  seen.  That  means,  as  ten  isolines 
are  given,  that  the  image  power  here  is 
less  then  107.  below  the  maximum. 

Figure  2.  shows  the  integrated  spectrum 
using  (6)  trans-formated  to  the  -frequency  — 
direction  space  by: 

(8)  F<“>  <-f,e)  =  <k  dk/df) 

The  -figure  3.  gives  the  resulting  spec¬ 
trum  if  the  zero  frequency  is  left  off. 
This  presents  unambiguous  results  for 
those  energies  with  a  frequency  higher 
than  O.llhz  up  to  the  Nyquist  limit. 

4.  The  detection  of  an  opposing  sea 
state  by  a  SAR  measurement 

In  figure  4.  the  result  of  a  measurement 
gained  by  the  navigation  radar  onboard 
the  ’Tydeman'  is  given.  For  this  measure¬ 
ment  (during  a  total  observation  time  of 
T=66.tisec)  32  timesteps  were  taken. 
Therefore  the  lowest  frequency  with  unam¬ 
biguous  results  lies  at  f=0. 0075Hz.  This 
is  well  apart  from  the  signal  caused  by 
the  waves.  Thus  the  total  resulting 
spectrum  is  free  of  any  ambiguity. 

This  opposing  wave  system  within  the  same 
frequency  bin  was  detected  by  a  couple  of 
other  instruments  and  model  hindcasts  of 
the  LEWEX'87  experiment. 


Figure  3. 

Isolines  of  an  asymmetric  SAR  image 
spectrum  in  the  frequency  direction 
Plane.  The  image  spectrum  is  calculated 
from  the  sum  over  the  three  positive 
frequencies  in  figure  1. 

The  ambiguous  part  is  suppressed  by 
leaving  off  the  symmetric  energy  at  f>0. 
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Figure  4. 

Isolines  of  an  asymmetric  radar  image 
spectrum  in  the  frequency  direction 
plane.  The  measurement  was  taken  with  the 
navigation  radar  onboard  the  vessel 
"Tydeman"  during  LEWEX'87. 

The  image  spectrum  is  calculated  from*  the 
sum  over  sixteen  planes  with  positive 
frequencies. 
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Figure  5.  ■ 

I so lines  of  a  SAR  image  spectrum  in  the 
frequency  direction  plane.  The  image 
spectrum  is  calculated  from  the  sum  over 
all  four  frequencies. 

The  ambiguous  part  is  due  to  the  symmetric 
energy  at  f-0. 
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flt  the  same  time  as  the  shipborne  measur¬ 
ement  was  taken  an  over-f light  with  a  SflR 
was  conducted  by  CCRS  at  the  location  of 
the  ’Tydeman’,  The  result  of  this  measui — 
ement  is  given  in  figure  5.,  this  corres¬ 
ponds  to  figure  2.  where  the  energy  with 
Hero  frequency  is  summed  up  as  well. 
Figure  6.  shows  the  result  if  the  Hero 
frequency  is  left  of.  That  means  there  is 
no  ambiguity  caused  by, the  Fourier  algo- 
rithme  inherent  in  this  presentation.  The 
opposing  wave  system  is  clearly  visible 
in  the  asymmetric  SftR-spectrum.  It  is  not 
detectable  from  a  symmetric  SflR-spectrum 
that  was  the  only  possible  SAR  product  in 
the  anaylsis  technique  used,  so  far. 

S.  Conclusions 

This  fe  .ibility  study  demonstrated,  that 
bv  the  use  -f  the  powerfull  three  dimen¬ 
sional  FFT  technique  asymmetric  wave 
imago  spectra  may  be  obtained  from  aii — 
borne  SAR  measu>'sments.  The  shown  exam¬ 
ples  make  evident  that  due  to  the  short 
scene  observation  time  tlie  results  in  the 
low  frequency  bins  remain  symmetric. 

The  fundamental  progress  by  using  an 
advanced  technique  like  the  three 
dimensional  analysis  is  .‘vident  and 
encouraging  to  continue  with  SAR  derived 
time  series  of  a  scene  development. 


Figure  6. 

IsolinsB  of  an  asymnetric  SAR  image 
spectrum  in  the  frequency  direction 
plane.  The  image  spectrum  is  calculated 
from  the  sum  over  the  three  positive 
frequencies.  :  > 

The  ambiguous  part  is  suppressed  by 
leaving  off  the  symmetric  energy  at  f"0. 

SAR  DATA 

1749  *7  I94« 

riLu  a 


1.  ATANASSOV,V.,  W.  ROSENTHAL  and  F.ZIEMER 
Removal  of  Ambiguity  of  Two  Dimensional 
Power  Spectra  Obtained  by  Processing 
Ship  Radar  Images  of  Ocean  Waves. 

0. Geophys. Res. ,  Vol.  90,  pp.  1061-1067. 

2.  YOUNG, I.R.,  W.  ROSENTHAL  and  F.  ZIEMER 
(1985),  A  Three  Dimensional  Analysis 
of  Marine  Radar  Images  for  the  Deter^ 
mination  of  Ocean  Wave  Directionality 
and  Surface  Currents. 

J. Geophys. Res. ,  Vol.  90,  pp.  1049-1059. 

3.  ZIEMER,  F.  and  W.  ROSENTHAL  (1987), 
On  the  Transfer  Function  of  a  Shipborne 
Radar  for  Imaging  Ocean  waves. 
Proceedings  of  IGARSS’87  Symposium, 
Ann  Arbor,  May  1987  pp.  1559-1564. 

4.  ZIEMER.F.,  E.STOCKDREHER  and  H. GUNTHER 

(1988),  Measured  Transfer  Functions 
for  Shipmotions  in  Natural  Seaways. 
Proceedings  of  OCEAN’ 88  Conference, 

Baltimore,  Nov.  88.  pp.  1212-1217. 

5.  BEAL,  R.  C.,  (editor),  (1989), 

Directional  Ocean  Wave  Spectra. 

The  Johns  Hopkins  APL  Technical  Digest, 
Volume  11,  Number  2  (in  preparation) 

6.  VACHON,  P.W.  and  R.K.  RANEY  (1989), 
Resolution  of  ocean  wave  propagation 
in  single-pass  airborne  SAR  imagery. 
Proceedings  of  IGARSS’89  Symposium, 
Vancouver,  July  1989;  This  issue. 


2346 


STATISTICAL  DESCRIPTIONS  OF  KEEL-RELATED  FEATURES 
IN  THE  UNDER-ICE  DRAFT  DISTRIBUTION 


J.  Key  and  A.S.  McLaren 


Cooperative  Institute  for  Research  in  Environmental  Sciences 
University  of  Colorado,  Boulder 
Boulder,  CO  80309-0449  USA 


ABSTRACT 

A  precise  description  of  the  spatial  characteristics  of  the 
underside  of  sea  ice  is  impoitant  for  studying  ice  dynamics, 
ice/atmosphere  interactions,  and  acoustic  propagation.  Previous 
analyses  have  e.'tanrined  either  thickness  distributions,  keel 
spacings,  or  spectral  analysis  and  have  generally  been  applied 
to  a  single  ice  regime.  Tliis  study  intercompares  results  from 
these  methods  as  applied  to  two  different  Arctic  ice  regimes; 
the  central  Canada  Basin  and  the  North  Pole  area.  Data  were 
collected  from  narrow-beam  sonar  carried  by  a  US  nuclear 
submarine.  Periodicities  in  the  data  are  revealed  through  two- 
point  probability  functions  of  ice  draft,  as  well  as  keel  spacing 
distributions  and  spectral  analysis.  Relationships  between  ice 
draft,  variability,  periodicities,  keel  drafts,  kr.el  spacings,  and 
lead  widths  are  found. 

Keywords:  Sonar,  sea  ice,  spectral  analysis. 

INTRODUCTION 

To  aid  in  the  understanding  of  ice  dynamics  and 
ocean/ice/atmosphere  interactions,  a  precise  description  of  the 
under-ice  draft  distribution  is  required.  Analyses  to  date  have 
generally  focused  on  a  single  ice  regime  and  have  examined 
either  thickness  distributions,  keel  spacings,  or  power  spectra. 
A  summaiy  of  these  studies  is  given  in  Key  and  McLaren 
(1989).  Tliis  study  intercompares  results  from  all  of  these 
these  methods  as, applied  to  ice  in  two  different  areas  of  the 
western  Arctic  Ocean:  the  thin  ice  of  the  central  Canada  Basin 
where  large  open  water  areas  are  observed,  and  the  relatively 
thicker  ice  of  North  Pole  area.  The  purpose  of  this  paper  is  to 
examine  how  these  different  statistic^  descriptions  change  with 
different  ice  regimes,  and  in  what  way  they  are  related. 

DATA 

Under-ice  draft  data  were  obtained  from  the  Arctic 
Submarine  Labororatory,  U.S.  Naval  Ocean  Systems  Center, 
San  Diego.  In  August  1970  the  nuclear  submarine  USS 
OUEENFISH  recorded  the  under-ice  profile  using  a  narrow- 
beam,  high-frequency  acoustic  profiler  with  a  footpruit  diameter 
of  2.68  in.  Data  were  interpolated  to  I.45in  intervals.  The 
accuracy  of  the  acoustic  profiler  is  ±15  cm  at  best;  the 
precision  of  the  interpolation  routine  is  estimated  to  be  ±1.0 
cm.  Gaps  occur  in  the  data,  varying  in  length  from  4  to  90 
km  but  account  for  less  than  10%  of  the  study  tran.sect.  These 
areas  were  not  used  in  subsequent  analyses.  The  track  is 


divided  into  regions  based  on  similarity  of  mean  draft  and 
variability,  each  of  approximately  150  km  (Figure  1).  The 
entire  track  length  Is  also  divided  into  5  km  subsections  with 
points  averaged  over  10  m.  Means  and  standard  deviations  of 
these  subsectiot.!.  are  shown  in  Figure  2. 


Figure  1.  Track  of  the  USS  QUEENFISH  in  early  August, 
1970  across  the  Canada  Basin  and  the  North  Pole.  The  study 
area  encompasses  approximately  1500  km  divided  into  eight 
regions  (A-H).  Also  shown  is  the  Beaufort  Gyre. 


METHODS 

Analyses  include  an  examination  of  joint  probability 
distributions  of  ice  diaft  at  various  separation  distances, 
numbers,  sizes,  and  spacings  of  independent  keels  and  leads; 
and  summaries  of  power  spectra  by  tlie  distribution  of  spectral 
exponents  and  statistically  significant  periodicities.  All 
statistics  are  determined  for  each  of  the  eight  regions.  Spectral 
analysis  is  also  applied  to  each  5  km  section  and  summarized 
for  the  region:;. 
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Figure  2.  Mean  and  standard  deviation  of  ice  draft  for 
.  North  Pole  area. 


ICE  DRAFT  STATISTICS 

The  two-point  joint  probability  density  functions  (pdO 
of  ice  draft  are  examined  for  various  separation  distances 
(Colony,  1987)  as  a  method  of  summarizing  the  under-ice  draft 
distribution.  The 'estimated  two-point  joint  pdf  is 

n„(5) 

f'(h„h/,8)  - - ,  Ah,=h,-hn,  AJij=hj-h^, 

N(5)AlvAh, 

where  f’(h„h,;S)  is  the  e-stimated  probability  of  ice  draft,  h,  at 
two  points  separated  by  distance  S  being  in  thickness 
categories  i  and  j,  n,.(S)  is  the  number  of  points  at  this 
separation  distance  which  fall  into  these  two  categories,  and 
N(8)  is  the  total  number  of  observations  at  this  separation 
distance.  The  two-point  pdfs  ate  determined  for  each  region, 
over  separation  distances  ranging  from  1.5  m  to  300  m  in 
increments  of  4.5  m.  The  probabilities  along  the  diagonal  of 
eac!‘.  joint  probability  matrix  are  summed  for  each  separation 
distance  as  a  measure  of  the  relative  frequency  of  occurrence 
of  ice  draft  at  two  points  falling  in  the  same  thickness 
category.  A  plot'  of  these  summed  probabilities  by  separation 
distance  Is  .shown  in  Figure  3  for  a  region  in  the  Canada 
Basin.  The  persistence  in  ice  draft  is  obvious  from  the  large 
summed  probabilities  for  very  small  separation  distances.  It  is 
of  interest,  however,  that  the  values  generally  decrease  with 
increasing  separation  distances,  and  then  increase  at  a  few  of 
the  larger  separation  distances,  particulaty  with  separation 
distances  of  130-180  m.  This  would  seem  to  indicate 
periodicitjes  in  the  data,  a  point  which  will  be  discussed  later. 

KEEL-  AND  LEAD-RELA'reD  FEATURES 

In  this  .'lection  we  examine  di.strihutions  of  independent 
keel  and  lead  spacings,  keel  drafts,  and  lead  widths.  While 
spectral  analysis  also  provides  information  on  spacings  between 
leads  and  keels,  here  we  do  not  assume  a  periodic  nature.  The 
definition  of  Independent  keels  by  Wadhams  and  Home  (1980) 
is  used  here.  Lead;  are  defined  as  open  water  or  recently 
refrozen  atcas  of  no  more  thi4i  one  meter  draft,  with  widths  of 
a:  least  10  m.  The  original  data  based  on  point  spacings  of 
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Figure  3.  Summed  two-point  probabilities  of  ice  at  various 
separation  distances  belong  to  the  same  draft  category. 
Frobabilities  in  the  two-point  joint  probability  matrix  are 
summed  along  the  diagonal. 

l. 45  m  are  used  for  these  analyses. 

Two  mathematical  models  of  pacing  distributions  are 
compared  to  observed  spacing  distributions  of  keels  and  leads: 
the  negative  exponential  (Hibler  et  al.,  1972)  and  the  lognormid 
(Wadhams  and  Davy,  1986).  These  two  models  are  tested  in 
each  of  the  regions  for  independent  keels  with  minimum  drafts 
of  3.5,  5,  7,  9,  and  1 1  m.  A  summary  of  the  results  is  shown 
in  Figure  4  for  the  same  region  as  in  Figure  3.  Keel  spacings 
are  grouped  into  20  m  bins  for  keels  with  drafts  exceeding  3.5 

m.  The  theoretical  negative  exponential  and  lognormal 
distributions  are  also  shown.  A  chi-square  goodness-of-fil  test 
is  performed  under  the  hypothesis  that  the  observed  and 
theoretical  frequency  distributions  are  not  significantly  different. 
In  all  eight  regions  the  observed  frequencies  are  found  to  be 
significantly  different  (0.05  level)  from  the  negative  exponential 
distribution.  However,  the  observed  distributions  for  keels 
exceeding  5,  7,  9,  and  1!  m  draft  are  not  found  to  be 
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.significantly  different  from  the  lognormal  distribution  except  in 
tile  central  Canada  Basin  where  only  those  distributions  for 
keels  exceeding  3.5  m  draft  follow  the  lognonnal  model.  The 
more  unifonit  distributions  observed  in  that  area  are  assumed 
to  be  a  function  of  the  relatively  mild  ice  conditions 
encountered  by  QUEENFISH  (McLaren,  1987,  1989).  Based 
on  this  data  set,  keel  spacing  distributions  caruiot  be  modeled 
by  either  probability  density  function  in  the  central  Canada 
Basin  when  the  tiueshold  value  for  keel  depth  is  large;  e.g.  5 
or  9  m  for  this  thin  ice  area. 
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Figure  4.  Relative  frequency  of  keel  spacings  (solid  line)  in 
region  E  with  negative  exponential  (dotted  line)  and  lognormal 
(dashed  line)  models  also  shown.  Spacings  are  grouped  into 
20  m  bins. 


SPECTRAL  ANALYSIS 

Spectral  analysis  techniques  are  used  to  identify  cyclical 
patterns,  or  periodicities,  in  data.  Spectral  analysis  theory  is 
well  developed;  the  method  applied  in  this  study  follows 
Mitchell  et  al.  (1966).  The  i*  spectral  density  estimtite  is  a 
measure  of  the  total  variance  in  the  original  series  that  is 
contributed  by  wavelengths  near  the  i*  harmonic  of  the 
fundamental  wavelength.  The  hypothetical  population 
continuum  is  assumed  to  be  that  of  "red  noise”.  To  inhibit 
aliasing  in  the  analysis,  frequencies  above  the  Nyquist 
frequency  were  refnoved  with  a  low-pass,  1-2-1  filter. 

Spectral  analysis  is  applied  to  each  1.90  km  region  and 
to  each  5  km  subsection  within  the  regions.  An  example  of 
the  power  spectrum  for  the  same  region  presented  in  Figures  3 
and  4  is  given  in  Figure  5  where  significant  hamtonics  are 
indicated  by  their  wavelength  in  meters.  Figure  6  shows  the 
relative  frequency  of  significant  periodicities  computed  for  each 
S  km  subsection  witliin  this  same  region.  Histograms  for  other 
regions  (not  shown)  indicate  that  although  spacings  along  much 
of  the  track  vaiy  somewhat  randomly  from  one  subsection  to 
the  next,  some  patterns  are  apparent.  Periodicities  in  the  range 
of  30-130  m  occur  most  frequently.  The  shorter  of  these  may 
correspond  to  the  "blisters"  observed  by  Wadhams  (1988)  in 
sidescan  sonar  data  which  had  wavelengths  of  28-63  m.  Also 
observed  is  an  increase  in  the  frequency  wavelengths  longer 
than  1000  m  in  those  areas  with  greater  mean  draft  and 
variability,  primarily  in  the  northern  portion  of  the  track. 
Similarly,  the  less  variable,  thin  ice  areas  of  the  Canada  Basin 
show  an  increase  in  shorter  wavelengtlis  with  few  greater  than 
1000  m. 


Figure  5.  Power  spectrum  for  region  E  with  the  hypothetical 
population  continuum  and  the  95%  upper  confidence  level. 
Significant  peaks  are  indicated  by  their  wavelengths  in  meters. 
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Figure  6.  Relative  frequency  histogram  of  significant 
periodicities  extracted  from  power  spectra  of  5  km  subsections 
within  region  E. 

DISCUSSION 

There  will  undoubtedly  be  some  redundancy  in  the 
broad  spectrum  of  variables  presented.  Benefits  in  terms  of 
processing  as  well  as  interpretability  are  gained  by  reducing 
this  set  of  features  to  a  set  which  includes  only  those 
containing  the  greatest  amount  of  descriptive  information  for 
the  analysis  of  draft  distributions.  For  example,  if  keel 
spacings  are  periodic,  we  would  expect  to  see  an  increase  in 
the  joint  probability  distribution  at  the  separation  distance 
corresponding  to  the  wavelength  of  the  periodicity,  a  peak  in 
the  power  spectrum,  and  an  increase  in  the  observed  frequency 
of  keel  and  lead  spacings  also  at  this  point.  A  comparison  of 
Figures  3,  4,  5,  and  6  gives  an  example  of  this  situation  where 
the  two-point  probability  indicates  a_  periodicity  at  140-190  m, 
the  keel  spacing  distribution  shows  a  peak  in  the  170-190  m 
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bin,  the  power  spectrum  shows  peaks  covering  llie  approximate 
range  of  142<214  m,  and  the  summary  of  significant  peaks  in 
the  spectra  lias  a  peak  in  the  170-190  m  bin  (differences  of  up 
to  10  m  in  these  figures  can  lie  attributed  in  part  to  differences 
in  binning  procedures).  Also  note  that  the  low  summed 
probability  in  Figure  3  near  220  m  can  also  be  identified  by 
the  other  methods. 

An  examination  of  the  keel  spacing  distributions  and 
summaries  of  significant  peaks  in  the  power  spectra  of  5  km 
subsections  reveals  further  similarities.  In  particular,  theie  are 
a  larger  number  of  observed  keel  spacings  in  tlie  40- ’0  m 
range  than  expected  given  a  lognonnal  distribution,  even 
though  there  is  overall  agreement  between  tliem.  This 
consistent  deviation  generally  agrees  witli  the  findings  of  the 
spectral  analysis  where  the  most  frequently  occurring 
periodicities  are  also  ut  this  range. 

Table  1  provides  summary  statistics  for  each  of  the 
eiglit  regions.  Keel-related  statistics  are  given  by  minimum 
draft.  Power  spectmm  measures  were  computed  for  each  5  km 
subsection  within  the  region  then  averaged.  Variance  in  the 
spectra  is  given  for  the  entire  spectrum  and  for  that  portion 
covering  wavelengths  of  20-150  m.  An  examination  of  this 
table  and  linear  correlations  (not  shown)  indicate  that  a 
relatively  .high  degree  of  redundancy  exists  in  the  measures.  In 
particular,  most  measures  are  highly  correlated  with  the  mean 
and  standard  deviation  of  ice  draft. 


Table  1 

Regional  ice  draft,  keel,  and  lead  statistics. 
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CONCLUSIONS 

Ice  draft  along  along  the  track  of  the  USS  QUEENFISH 
through  the  Canada  Basin  and  across  the  North  Pole  has  been 
described  in  tenns  of  two-point  probability  functions,  spectral 
analysis  of  periodicities,  and  distributions  of  keel  and  lead 
spacings,  drafts  or  widths.  Each  of  tliese  measures  of  the 
under-ice  draft  distribution  were  found  to  vary  from  region  to 
region.  In  regions  where  periodicities  exist  -  in  particular 
regions  B,  C,  B,  F,  and  H  -  the  wavelength  of  the  periodicity 
's  revealed  by  all  of  these  measures,  although  each  method 
also  provides  other  unique  infonnation.  Summary  statistics 
derived  from  the  keel/lead  distributions  and  power  spectra 
can  be  used  to  discriminate  between  ice  regimes.  The  absence 
of  detailed  buoy  and  satellite  data  for  1970  and  requisite 
oceanographic  and  ice  mechanics  infomiation  precludes  detailed 
analysis  of  po.ssible  enviromnental  forcmgs  which  produced  the 
observed  results. 

These  results  imply  that  analyses  of  periodicities, 
independent  keels,  and  simple  draft  distribution  statistics 
collectively  provide  a  relatively  complete  description  of  the 
under-ice  topography  and  may  be  useful  for  discrimination 
between  ice  regimes,  which  in  turn  will  aid  in  the  investigation 
of  environmental  forcings.  However,  correlations  between 
many  of  these  measures  indicate  that  some  duplication  of 
infomiation  exists  and  that  not  all  methods  are  required  for  an 
adequate  description  the  under-ice  draft  di.stribution, 

ACKNOWLEDGEMENTS.  This  work  was  supported  by  the 
Office  of  Naval  Research  University  Research  Initiative 
Program  contract  N00014-86-K-0695. 

REFERENCES 


1.  Hibler,  W.D.  Ill  and  LeSchack,  L.A.,  "Power  spectrum 
analysis  of  undersea  and  surface  sea-ice  profiles",  J.  of 
Gluciol.,  Vol.  11,  pp345-356,  1972. 

2.  Key,  J.R.,  and  A.S.  McLaren,  "Periodicities  and  keel 
spacing  in  the  under-ice  draft  of  the  Canada  Basin 
recorded  by  the  USS  QUEENFISH,  August  1970".  Cold 
Regions  Sci.  Tech.,  Vol.  16,  ppl-10,  1989. 

3.  McLaren,  A.S.,  'The  under-ice  thickness  distribution  of 
the  Arctic  Basin  as  recorded  in  1958  and  1970:  a 
comparison",  in:  POAC  ’87  Proceedings,  1987 

4.  McLaren,  A.S.,  "The  under-ice  thickness  distribution  of 
the  Arctic  Basin  as  recorded  by  USS  NAUTILUS  in 
1958  and  USS  QUEENFISH  in  1970",  J.  Ueoph.vs. 
Res.,  Vol.  94,  No.  C4,  pp4971-4983,  1989. 

5.  Mitchell,  J.M.  Jr.,  B.  Dzerdzeevskii,  H.  Flolm,  W.L. 
Hofmeyr,  H.H.  Lamb,  K.N.  Rao,  and  C.C.  Wallen, 
"Climatic  change",  Technical  Note  No.  79,  WMO- 
No.195.TP.100,  World  Meteorological  Organization, 
1966. 

6.  Rothrock,  D.A.  and  A.S.  Tliomdike,  "Geometric 
properties  of  the  underside  of  sea  ice",  J.  Geophys. 
Res.,  Vol.  85,  No.  C7,  pp3955-3963.  1980. 

7.  Wadhams,  P.,  "The  underside  of  Arctic  sea  ice  imaged 
by  sidescan  sonar",  Lcltcrs  lo  Nature,  Vol.  333,  ppl61- 
164,  1988. 

8.  Wadhams,  P.  and  T.  Davy,  "On  the  spacing  and  draft 
distributions  for  pressure  ridge  keels”,  J.  Geopltys.  Rcs., 
Vol.  91,  No.  C9,  pp  10697- 10708,  1986. 

9.  Wadhams,  P.  and  R.J.  Home,  "An  analysis  of  ice 
profiles  obtained  by  submarine  sonar  in  the  Beaufort 
Sea",  J.  Glaciol.,  Vol.  25,  No.  93,  pp401-424,  1980. 


2350 


ROLE  OF  ICE  PROPERTIES  IN  WAVE-ICE  INTERACTION  DURING  LIMEX  ' 1987 


W.  D.  Winsor‘,  J.  I.  Clark*,  B.  M.  Eid*,  and  C,  M.  Morton* 

1.  Centre  for  Cold  Oceans  Resources  Engineering,  St.  John's 
2.  MacLaren  Plansearch  Limited,  Halifax 


ABSTRACT 

The  Labrador  Ice  Margin  Experiment  (LIMEX)  was 
initiated  as  a  pilot  program  in  March,  1987.  An 
interdisciplinary  group  of  different  research 
organiza'tions  gathered  data  from  the  Marginal  Ice  Zone 
(MIZ)  and  in  the  open  waters  adjacent  to  the  ice  edge. 
This  paper  presents  results  of  the  1987  pilot  program. 

The  Ocean  Data  Gathering  Program  (ODGP)  spectral 
ocean  wave  model  was  used  to  hindcast  wind  and  wave 
fields  for  the  duration  of  the  experiment.  In 
addition,  the  C-CORE/MUN  ice  motion  package  (6  degrees 
of  freedom)  was* placed  on  several  ice  floes  to  measure 
the  wave  induced  ice  motion  at  different  locations 
along  the  MIZ.  Analysis  of  the  motion  package  records 
furnished  time  series  plots  of  wave  parameters  as  well 
as  wave  spectra  within  the  ice  cover.  Interpretation 
of  the  aerial  photographs  provided  measurements  for 
floe  size  distribution,  floe  density  and  ice 
concentration. 

Keywords:  wave  ice  Interaction,  sea  ice  cover,  wave 
attenuation,  wave  patterns  in  SAR  imagery. 


INTRODUCTION 

The  Labrador  Ice  Margin  Experiment  (LIMEX)  is 
directed  to  advance  the  knowledge  of  the  natural 
processes  operating  during  the  formation,  existence 
and  decay  of  the  sea  ice  cover  off  the  east  coast 
Canada.  The  fi^st  field  program  for  LIMEX  was  carried 
out  in  March  1987.  It  was  conducted  as  a  pilot 
project  to  gather  field  observations  and  field 
experience  of  the  sea  ice  cover  at  .the  ice  transition 
to  ocean,  "the  marginal  ice  zone",  of  the  northwest 
Atlantic.  This  is  a  complex  and  dynamic  zone  is  one 
of  considerable  economic  importance  for  renewable  and 
non-renewable  resources  in  Canada. 

The  LIMEX  '87  pilot  project  was  encompasses 
careful  documentation  of  observations,  evaluation  of 
measurement  techniques  and  the  formulation  of 
hypotheses.  The  chief  interest  of  the  authors  was  to 
observe  and  quantify  wave  ice  interaction.  It  is 
postulated  that  the  ocean  waves  incident  at  the  ice 
edge  are  crucial  in  the  genesis  of  the  ice  conditions 
encountered  at  the  ice  margin.  On  the  other  hand,  the 
ice  cover  plays  an  important  role  in  determining  the 
nature  of  the  ocean  waves  generated  at  the  ice  edge 
and  the  character  of  waves  propagated  within  the  ice 
cover. 


The  winter  ice  cover  at  lower  latitudes  in  the 
northwest  Atlantic  is  an  extremely  variable 
phenomenon.  This  was  illustrated  dramatically  through 
the  LIMEX  '87  project  time  period.  The  ice  cover 
which  initially  stretched  400  km  east  from  the 
Newfoundland  coast.  During  the  9  days  from  March  9  to 
23,  however,  this  ice  cover  was  compressed  by 
persistent  easterly  winds  into  a  narrow  strip  adjacent 
to  the  coastline  through  due  to  (McNutt  et  al,,  1988). 
This  stable  weather  condition  provided  a  rare 
opportunity  to  observe  the  effects  of  wave  action  on 
an  ice  cover  with  a  well  defined  edge. 

The  marginal  ice  zone  is  a  difficult  place  to 
conduct  oceanographic  and  ice  cover  measurements. 
Wave  buoy  moorings  cannot  be  set  because  of  the  high 
risk  of  having  equipment  swept  away  by  the  moving  ice. 
Often  the  ice  is  too  thin  and  motions  too  severe  to 
set  and  recover  instrumentation  from  the  ice  floes. 

The  ice  motion  instrumentation  employed  during 
LIMEX  '87  was  designed  to  measure  the  wave  induced 
motions  of  bergy  bits  and  growlers.  The  equipment  was 
not  ideally  suited  to  collect  the  extended  time  series 
desired  for  wave  investigation. 

The  LIMEX  program  included  a  major  remote  sensing 
component.  This  focussed  on  the  evaluation  of  a 
prototype  synthetic  aperture  radar  (SAR),  the  sensor 
unit  which  is  being  developed  for  the  RADARSAT 
platform.  The  wide  coverage  of  the  SAR  imagery 
provides  a  exceptional  opportunity  for  fitting  local 
observations  into  a  regional  picture. 


MATERIAL  PROPERTIES  OP  FLOE  ICE  COVER 

The  incident  ocean  waves  furnish  the  driving  force 
while  the  ice  cover  offers  resistance  to  the  transfer 
of  this  wave  energy  through  the  ice  cover.  When  a 
radiating  wave  field  encounters  a  material  boundary, 
a  fraction  of  the  wave  energy  passes  (is  transmitted) 
into  the  ice  cover  and  a  fraction  is  reflected.  The 
ratio  of  energy  transmitted  and  reflected  depends  on 
the  equivalent  of  the  index  of  refraction  (optics)  of 
wave  propagation  in  an  ice  cover.  There  is  little 
known  about  the  physical  properties  which  dictate  wave 
propagation  and  wave  reflection  in  discrete  floe  ice 
cover. 
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Wadhams  et  al.  (1986)  suggest  floe  size 
distribution  to  be  an  important  property  controlling 
wave  attenuation  in  ice  cover.  Their  study  was 
conducted  in  a  pack  ice  regime  composed  of  large  floes 
(~100  m).  The  LIMEX'87  work  was  conducted  in  ice 
cover  consisting  of  much  smaller  mean  floe  size, 
('5  m).  Here  other  ice  cover  features  appeared  to 
have  an  important  effect  on  the  wave  ice  interaction. 
LIMEX  '87  observations  of  wave  ice  interaction  suggest 
that  collisions  at  floe  boundaries  and  within  the  ice 
debris  filling  the  interstitial  area  between  discrete 
floe"^  have  an  important  influence  on  the  ice  cover's 
re  ance  to  wave  propagation. 

Lateral  movement  of  the  ice  floes  during 
convergence  produces  in  two  significant  changes  in  the 
nature  of  the  ice  cover.  (1)  Any  pulverized  ice  is 
squeezed  and  forced  down  to  underlie  the  discrete 
floes  and  (2)  the  floes  are  rotated  and  Jostled  so 
that  the  interstitial  area  between  the  floes  is 
minimized.  Hence  the  floes  interlock  and  offer 
increasing  resistance  to  further  lateral  movement  and 
to  bending  motion  from  wave  action.  The  compaction  of 
the  pack  is  a  time  varying  property  and  depends  on 
prior  mechanical  activity,  i.e.  the  mechanical  history 
for  the  ice  cover.  The  increase  of  ice  cover  strength 
(resistance)  caused  by  convergence  is  commonly  know  as 
"ice  pressure".  It  offers  considerable  resistance  to 
vessel  movement  and  can  even  beset  capable  ice 
breaking  vessels.  The  "pressure"  condition  will 
persist  as  a  feature  of  the  pack  ice  condition  after 
the  lateral  load  which  created  it  has  passed.  Further 
exposure  to  wind  and  current  loads,  new  wave  action  or 
a  combination  of  both  will  act  to  disperse  the  ice  and 
relieve  the  ice’  pressure. 

During  LIMEX  '87  the  available  measurement 
techniques  were  not  specifically  designed  to  quantify 
the  material  properties  which  could  resist  or  enhance 
wave  propagation  of  the  ice  cover.  More  basic 
research  needs  to  be  done  to  yield  fundamental  results 
for  wave  action  in  sea  ice  cover.  The  LIMEX  '89  field 
program  will  spend  additional  time  on  this  topic.  Any 
advances  in  the  identification  of  "pressured  ice" 
especially  remote  sensing  identification  by  the  ice 
reconnaissance  services  will  produce  significant 
economic  benefits  to  companies  routing  vessel  traffic 
through  ice  covered  waters. 


FIEf.D  OBSERVATIONS 
Ice  Notion  Measurement 

Ice  floe  motion  measurement  was  accomplished 

with  the  C-CORE/MUN  six-degree  of  freedom  ice  motion 
package  (Lever  et  al,,  1986).  .  This  unit  was 
originally  designed  to  measure  wave  induced  iceberg 
and  growler  motions  and  was  employed  without 
modification.  The  sensor  cluster  uses  three 

orthogonally  mounted  accelerometers  to  detect 

displacement.  The  two  instruments  used  in  1987  had 
different  methods  of  measuring  pitch  and  roll; 
package  B  used  a  gyro  and  package  C  had  a  set  of 
tiltmeters.  The  angular  measurements  are  required  to 
transform  the  local  instrument  axis  to  a  fixed 

reference  frame.  There  is  still  some  question  about 
the  validity  of  tiltmeter  measured  rotations  when 
these  sensors  are  faced  with  a  combination  of  rotation 
and  acceleration. 

An  investigation  of  the  directional  wave  spectra 
and  a  more  complete  comparison  of  ice  motion  with  the 


incident  ocean  wave  regime  is  given  a  fuller  treatment 
to  a  separate  paper  by  Eid  ot  al,  (1989). 

Incident  Have  Field 

Have  measurement  at  the  ice  edge  was  carried  out 
with  a  Delft  disposable  wave  buoy,  on  March  22  and  23, 
1987  (Thomas,  1988).  The  wave  field  was  hindcast 
using  the  meteorological  data  and  the  Ocean  Data 
Gathering  Program  (ODGP)  model  for  all  the  observation 
periods. 

Remote  Sensing 

The  C  Band  SAR  imagery  collected  by  the  Canadian 
Centre  for  Remote  Sensing's  Convair  580  aircraft 
provided  extensive  coverage  of  the  marginal  ice  zone 
through  LIMEX  '87.  Coverage  on  March  23  and  26,  1987 
was  of  particular  interest  to  the  wave  ice  interaction 
program.  The  SAR  imagery  covered  from  3  to  3.5 
degrees  of  latitude  and  full  coverage  from  the 
Newfoundland  coast  to  the  ice  edge  to  the  east.  The 
SAR  imagery  provided  a  unique  opportunity  to  view  the 
wave  ice  interaction  process  on  a  regional  scale. 

F’oesize  Distribution 

Aerial  photographs  were  taken  from  a  helicopter 
at  600  m  to  access  the  granular  nature  of  the  ice,  A 
70  mm  Hasselblad  camera  with  a  80  mm  focal  length  lens 
was  used  with  Kodak  Aerographic  Plus-X  black  and 
white  film.  Ice  coverage  photography  consisted  of  a 
series  of  60  to  100  square  frames  of  600  m  on  the  side 
except  for  one  day  when  the  ceiling  was  restricted  to 
300  m  and  the  photograph  frames  were  200  m  on  the 
side. 

Floe  sizes  were  taken  from  73  frames  for  March  23, 
25  and  26,  1987.  Each  photograph  was  sampled  by 
measuring  floe  diameters  for  every  floe  occurring  on 
a  set  of  lines  that  was  superimposed  on  the 
photograph.  The  floe  dimensions  were  obtained  using 
a  vector  digitizing  table.  This  sampling  technique 
yields  a  floe  size  distribution  that  is  normalized  by 
floe  area.  Figure  1.  illustrates  a  typical  floe  size 
distribution.  Table  I.  summarizes  the  results  for 
some  locations  of  interest  to  the  wave  ice  interaction 
investigation. 

Case  I  -  Dispersed  Ice  Floes 

The  first  deployment  of  the  ice  motion  package 
took  place  on  March  22,  1987.  The  instrument  was 
placed  on  a  small  floe,  ('5  m),  in  a  strip  of  loosely 
packed  floes,  <  10  m.  All  the  floes  were  surrounded 
by  water;  adjacent  floes  were  not  colliding. 
Figure  2.  shows  the  ncn-directional  wave  field 
estimated  from  the  ice  motion  data  collected. 
Simultaneous  measurements  by  the  John  Hopkins 
University  waverider  in  adjacent  open  water  (Thomas, 
1988)  gives  the  wave  height  eptering  the  pack  at  2.3  m 
and  a  dominant  period  of  9  seconds.  The  "CSS  Baffin" 
was  operating  in  limited  visibility  when  the 
measurements  were  conducted.  There  was  no 
collaborative  helicopter  photography  of  SAR  imagery  on 
March  22,  1987. 

Case  II  -  Definite  Transition 

March  23,  1987  proved  to  be  a  significant 
observation  period  for  wave  ice  Interaction.  It  was 
unfortunate  that  the  ice  motion  package  failed  to 
record  data  during  that  deployment.  The  ancillary 
observations  are  valuable  for  the  study  and  are 
reported. 

The  swell  in  the  ice  cover  was  evident  visually 
and  has  been  reported  by  McNutt  et  al,  (1988).  The 
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SAR  imagery  of  the  ice  cover  of  the  "CSS  Baffin's" 
operations  area  showed  a  marked  transition  about  4  km 
into  the  ice  cover.  The  transition  was  from  a 
homogeneous,  wave  patterned  texture  seaward,  to  a  floe 
patterned  texture  for  the  ice  cover  landward  to  the 
coast.  The  decreasing  wave  pattern  observed  in  the 
ice  cover  with  homogeneous  radar  return  suggested  the 
wave  propagation  into  the  ice  cover  was  significantly 
attenuated  by  the  time  the  waves  had  travelled  to  the 
transition  zone.  The  floe  size  distributions  for  the 
transect  across  the  ice  belt  showed  a  marked  reduction 
of  floe  size  immediately  adjacent  to  the  ice  edge. 
Waverider  measurements  on  March  23,  1987  showed  the 
incident  wave  field  having  a  2.5  m  significant  wave 
height. 

Case  III  -  Wave  Attenuation 

A  seven  hour  period  was  dedicated  to  the  ice 
motion  measurement  on  March  25,  1987,  Sensor  package 
C  was  placed  on  a  small  ice  floe,  (~3  m),  adjacent  to 
the  ice  edge.  Its  motion  was  recorded  for  5.5  hours. 
Package  B  was  deployed  three  time  at  three  different 
locations,  nominally  at  1,  2,  and  4  km  into  the  ice 
pack.  Figures  3.  (a),  (b),  and  (c)  give  the  non- 
directional  spectral  densities  for  each  deployment. 
For  comparison  Figure  4.,  shows  the  waves  attenuating 
and  the  shorter  period  waves  disappearing  with 
distance  away  from  the  ice  edge.  The  energy 
attenuation  is  summarized  as:  -3.9  dB  with  dominant 
period  of  8.7  seconds  at  1  km,  -8.3  dB  and  period 
9.5  seconds  at  2  km  and  -11.4  dB  and  period  18.1 
seconds  at  4  km. 

The  helicopter  aerial  photography  showed  the 
floe  size  distribution  to  be  relatively  uniform  over 
the  ice  cover  attenuating  the  wave  field,  (see  Table 
I).  The  floes  were  relatively  closely  packed.  The 
marked  attenuation  of  the  waves  over  a  relatively 
short  distances  indicated  the  ice  cover  energy 
absorption  mechanisms  were  effective  through  the 
observation  period. 

Case  IV  -  Wave  Penetration 

Ice  motion  measurements,  helicopter  aerial 
photography  and  SAB  coverage  were  obtained  for  March 
26,  1987.  The  motions  measured  at  the  two  stations, 
one  is  given  in  Figure  5.  The  non-directional  spectra 
showed  a  long  period  swell,  15  seconds,  propagating  in 
the  ice  cover  with  little  attenuation,  -1.7  dB, 
between  the  stations.  This  observation  was 
collaborated  by  visual  observation  of  the  swell 
running  in  the  ice  cover  and  the  SAR  imagery  collected 
for  the  same  time  period.  The  SAR  imagery  showed  a 
uniform  wave  pattern  for  the  whole  ice  cover  along  the 
east  coast  of  the  Avalon.  The  apparent  wavelength  for 
the  swell  was  estimated  at  300  m. 

The  more  complete  penetration  by  the  ocean  waves 
through  the  ice  cover  during  this  period  of 
observation  might  be  attributed  to  two  factors.  (1) 
The  longer  period  wave  incident  at  the  ice  edge,  15 
seconds  as  compared  to  8  to  9  seconds  on  March  25. 
(2)  The  ice  cover  appeared  to  have  more  separation 
between  the  floes  then  the  ace  cover  sampled  on  March 
25.  Techniques  need  to  be  developed  further  to 
cnaraclerizu  the  granular  nature  of  pac'g  ice  cover. 


DISCUSSION 

The  observations  of  the  LIMCX  '87  project  showed 
that  the  wave  ice  interaction  is  a  complex  phenomenon 
and  the  marginal  ice  zone  cover  is  a  complicated 
material.  The  discrete  floe  composition  of  sea  ice 


cover  is  analogous  to  a  granular  material  (Erlingsson, 
1988).  It  seems  to  behave  like  a  two  dimensional 
granular  material  with  particle  sizes  large  compared 
to  thickness.  The  third  dimension  is  the  ice 
thickness  which  is  also  an  important  factor  in 
assessing  ice  cover  strength.  The  average  strength  of 
the  particular  ice  cover  dictates  how  the  incident 
wave  field  crosses  the  ice  edge  and  propagates  within 
the  ice  cover. 

Wind  and  current  act  on  the  air/ice  and  ice/water 
boundaries  causing  the  floes  to  converge  (compact)  and 
disperse;  this  depends  on  the  direction  of  the  applied 
loads  and  boundary  restraints  on  the  ice  cover.  Ice 
convergence  strengthens  the  ice  cover  and  increases 
its  resistance  to  the  radiation  of  the  wave  action. 
The  SAR  imagery  of  March  23,  1987  showed  an  ice  field 
with  considerable  lateral  strength.  The  major  portion 
of  the  wave  energy  appeared  to  be  attenuated  in  a 
narrow  band  of  ice  adjacent  to  the  ice  margin. 

Subsequent  motion  measurements  and  SAR  imagery, 
on  March  26,  1987,  showed  the  wave  field  propagating 
further  into  the  ice  cover.  Results  indicated  that 
the  ice  cover  strength  changed  with  time.  The 
associated  surface  measurements  suggested  the  decrease 
in  strength  was  caused  by  a  combination  of  reduced 
wind  stress  and  the  gradual  wave  action  on  the  floes. 
The  accumulating  volume  of  crushed  ice  between  the 
floes  suggested  the  relative  movement  between  floes 
caused  continual  failure  at  the  floe  perimeter, 
Jordaan  and  Timco  (1988)  have  investigated  the  role  of 
crushed  ice  during  the  ice-crushing  process  and  have 
shown  that  this  viscous  ice  material  consumes  the 
largest  part  of  the  failure  energy  involved. 

The  crushed  ice  appears  to  perform  a  somewhat 
different  function  in  wave  ice  interaction.  The 
crushed  ice  flows  into  the  interstitial  area  between 
the  floes  lowering  the  flexural  strength  of  the 
granular  ice  cover.  The  weakened  cover  permits  the 
wave  field  to  radiate  deeper  into  the  ice  cover  where 
the  process  continues.  While  wave  energy  attenuation 
can  be  approximated  by  linear  potential  theory 
(Wadhams  et  al.,  1986,  1988),  the  attenuation 
coefficient  is  dependent  on  wavelength  of  the  incident 
wave  field  (Bid  et  al.,  1989)  and  on  the  material 
properties  of  the  ice  cover  involved.  Therefore  the 
attenuation  coefficient  can  be  expected  to  vary 
rapidly  as  the  ice  cover  converges  and  disperses,  and 
as  the  ice  crushed  and  ground  by  wave  bending  and  floe 
to  floe  collisions.  Although  thermodynamic  effect  of 
re-freezing  was  not  encountered  through  the  LIMEX  '87 
period  it  must  be  assumed  to  have  a  significant  effect 
on  the  behaviour  of  the  winter  marginal  ice  zone. 


SlMiARY 

The  results  collected  during  the  field  experiment 
do  not  conclusively  confirm  the  relative  importance  of 
floe  size  distribution  in  the  attenuation  of  ocean 
waves  in  the  marginal  ice  zone.  The  authors  speculate 
that  the  wave  penetration  is  a  major  factor  in 
dictating  the  floe  size  distribution.  Further  work  is 
planned  on  the  mechanical  behaviour  of  ice  floes  in  a 
wave  environment.  It  is  clear  that  the  ice  cover  is 
effective  in  filtering  the  wind  waves.  The  spectra  of 
the  ice  motion  time  series  indicates  the  ice  cover 
encountered  during  LIMEX  '87  behaved  like  a  low-pass 
filter  with  a  roll  off  at  about  0.2  Hz, 

Other  features  like  floe  to  floe  separation 
(compactness),  frequency  of  floe  collisions,  floe  to 
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floe  interlock  and  fraction  of  ground  ice  appear  to 
have  a  more  direct  effect  on  «ave  ice  interaction. 
The  interactions  are  a  function  of  the  spatial 
distribution  of. the  ice  cover.  It  is  not  yet  clear 
how  to  assign  quantities  that  will  be  effectively 
correlated  with  the  mechanical  relationship  (model) 
for  wave  ice  interaction.  The  helicopter  aer''.al 
photographs  and  the  SAR  imagery  are  two  data  seta  tha* 
might  be  applied  to  extract  this  sort  of  infon  -stion. 
Both  techniques  offer  limited  temporal  coverage.  It 
is  planned  to  investigate  these  concepts  with  image 
capture  and  analysis  techniques  to  explore  ways  to 
quantify  the  granular  nature  of  sea  ice  cover. 

Much  more  complete  data  collection  will  be 
required  before  it  will  be  possible  to  apply  these 
results  to  help  estimate  of  risk  of  ice  loads  at 
offshore  structures.  Future  results  may  prove  that 
offshore  platform  may  not  need  to  be  designed  to  the 
break  continuous  ice  cover.  The  combination  of  wave 
and  ice  loads  may  represent  a  lower  environmental  load 
than  either  wave  or  ice  loads  acting  independently. 
The  objective  of  LIMEX  '89  is  to  collect  a  more 
extensive  data  set  under  a  different  set  of 
conditions,  add  to  the  data  base  of  ice  conditions  and 
aid  the  engineering  of  safe  and  economic  systems  to 
recover'  both  renewable  and  non-renewable  resources 
from  Canada's  ice  covered  oceans. 
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TABLE  I 

SUMMARY  -  FLOE  SIZE  DISTRIBUTIONS 


location 

mean 

floe  size 

std.  dev 

(m) 

(m) 

March  23,  1987 

ice  edge 

4.3 

2.1 

mid-point 

4.8 

3.2 

near  coast 

9.9 

7.3 

March  25,  1987 

ice  edge 

9.8 

6.7 

2km  from  edge 

7.3 

5.3 

4km  form  edge 

10.9 

7.3 

March  26,  1987 

across  the  pack 

ice  edge 

5.4 

3.4 

mid-point 

7.7 

4.7 

at  coast 

18.0 

11.1 

along  coast 

north  end 

6.7 

3.6 

at  ship 

7.0 

3.7 

south  end 

7.1 

3.7 

'  r—i  ■  •  I  ■  ■  I  "  ■  I  ■  ■  1  ■  •  I  ■ '  I  ■  ■  1  ■  ■  I  ■■•■1  . 

I.>  ..t  T.t  lO.t  11.9  19.9  19.9  29.9  29.9  29.9  21.9  24.9 
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Figure  1,  A  typical  floe  size  distribution  for  the 
ice  cover  encountered  in  LIMEX,  '87. 
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Figure  2.  The  non-directional  spectra  density  for  ice 
floe  motion  and  waverider  on  March  22. 


Figure  4.  Comparing  the  spectra  of  Figure  3  with  the 
ice  motion  at  the  ice  edge  and  concurrent  ODGP  wave 
hindcast . 


fi#qu*ney  (Mi) 


^  M 


0.00 

0 


2011  Z. 

March  25,  1987 

*  M 

25«4B 

:  ^ 

'  H,  T, 

0.27  18.12 

I'j'j 

ii-i 

(C) 

•  ! 

:  \ 

0  0  1 

0  2  0  2  0 

frequency  (Hi) 


I  0 

0  0 

0  I 

0  4 

0  2 

0  0 

00  01  02  02  04 

Frequency  (Hi) 


1905  Z. 

H«rch  js,  H87 

;  } 

28*3B 

(• 

•f 

Kp  % 

0.62  9.52 

:  !! 

(b) 

1  i 

: 

/  ^  , 

1259  Z,  March  26,  1907 


frequency  (Hi)  fiiqueney  (Hi) 


Figure  5.  The  ice  motion  and  wave  hindcast  on  March 
26  with  the  long  period  swell  in  the  ice  cover. 


Figure  3.  The  wave  spectra  densities  showing 
attenuation  with  distance,  (a)  1  km,  (b)  2  km,  and 
(c)  4  km. 
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ABSTRACT 

Offshore  activities  like  petroleum  exploration,  fish¬ 
ing  and  hunting  in  the  Barents  Sea  are  heavily  affec¬ 
ted  by.  the  ice  conditions.  In  the  planning  stage  of 
activities  the  major  challenge  is  to  make  precise 
estimates  of  Impact  forces  by  ice  colliding  with  a 
structure/vessel.  Surveys  in  the  area  have  revealed 
such  a  high  population  of  Icebergs  that  those  repre¬ 
sent  the  design  criteria  for  offshore  structures/ves¬ 
sels  rather  than  the  harmless  first  year  ice  and  more 
seldom  encountered  multi-year  ice. 

To  estimate  the  probabilities  of  collision  and  calcu¬ 
lation  of  forces  caused  by  Impact  with  ice,  one  needs 
to  know  the  intrusion  of  icebergs  and  ice  floes. 
Research  surveys  in  the  ice  covered  waters  are  expen¬ 
sive  and  hence  for  practical  reasons  give  limited 
coverage  in  time.  Satellite  imagery  has  the  best  time 
coverage  but  the  disadvantages  are  the  necessity  of 
cloud-free  atmosphere  as  well  as  limited  resolution 
and  interpretation. 

To  improve  time  and  aerial  coverage,  remote  sensing 
might  be  a  valuable  tool  in  this  environmental  mapp¬ 
ing.  This  paper  describes  how  Landsat-TH  imagery  and 
additional  information  are  used  to  identify  and  map 
icebergs  in  the  Barents  Sea .during  spring  I988.  When 
the  icebergs  are  Identified,  the  next  step  is  to  esti¬ 
mate  interesting  size  parameters  for  icebergs,  especi¬ 
ally  the  volume. 

Volume  estimates  of  Icebergs  can  be  performed  in  seve¬ 
ral  ways  with  varying  results  in  regard  to  the  con¬ 
sumption  and  accuracy.  Three  methods  are  used:  Fhoto- 
grammetrlc  analysis,  simplified  visual  analysis  using 
stereoscope  and  a  formula  involving  a  shape  factor 
based  on  iceberg  classification.  All  these  methods  are 
primarily  used  in  combination  with  stereo  aerial 
photography.  The  paper  describes  these  methods  and 
evaluates  the  results. 

INTRODUCTION  ' 


It  is  costly  to  design  and  use  offshore  exploration 
drilling  platforms  which  can  withstand  the  Impact  of 
Icebergs.  Hence  the  oil  industry  is  Inclined  to  apply 
less  costly  concepts  involving  ice  contingency  plann¬ 
ing  and  ice  management  with  possible  evasive  action. 
In  view  of  the  significant  cost  of  interrupting  drill¬ 
ing  operations  by  disconnecting  and  re-entering  the 
well,  some  method  is  required  to  determine  whether  or 
not  a  particular  Iceberg  represents  a  significant 
threat  to  the  platform. 

To  estimate  the  probabilities  of  collision  and  calcu¬ 
lation  of  forces  caused  by  impact  with  ice,  one  needs 
to  know  the  intrusion  of  icebergs  and  ice  floes.  The 
driving  force  of  the  Barents  Sea  dynamics  is  the  glo¬ 
bal  radiation  Imbalance,  with  a  surplus  of  incoming 
heat  in  the  equatorial  regions  and  a  deficit  of  outgo¬ 
ing  radiation  in  the  polar  regions  (Carstens  et  al., 
1988).  The  ocean  polar  front  is  located  further  north 
than  the  better  known  atmospheric  ones,  cutting  right 
across  the  Barents  Sea.  Research  surveys  in  the  ice 
covered  waters  are  expensive  and  hence  give  limited 
coverage  in  time.  Satellite  Imagery  has  the  best  time 
coverage  but  the  disadvantages  are  the  necessity  of 
cloud-free  atmosphere  as  well  as  limited  resolution 
and  interpretation. 

The  NOAA  AVHRR  system,  the  Landsat  system  and  the  Spot 
system  are  all  in  the  visual,  near-IR  and/or  ther- 
mal-IR  spectral  region  and  they  therefore  require  sun¬ 
light  (visual,  near-IR)  and  a  reasonably  cloud-free 
atmosphere.  Light  haze  can  be  tolerated,  but  denser 
fog  or  clouds  will  make  imagery  impossible. 

The  most  detailed  (and  most  expensive)  Images  today 
are  Spot  Images,  covering  60  x  60  km^  with  geometrical 
resolution  either  10  m  or  20  m,  and  a  repeat  cycle  of 
26  days.  Landsat  Images  give  a  better  areal  coverage 
(full  scene:  I85  x  I85  Imi^)  and  have  a  shorter  repeat 
cycle  (16  days).  Due  to  overlap,  the  effective  repeat 
cycle  is  even  less.  Landsat  images  are  also  less  ex¬ 
pensive.  The  best  resolution  of  the  Landsat  -  TM 
Images  is  30  m. 


Oil  resources  and  discoveries  in  convcntiunul  offsiiore 
source  areas  are  becoming  fewer  and  smaller.  Hence  the 
Industry  is  turning  its  attention  towards  more  remote 
areas,  often  with  a  harsh  environment. 

At  present,  much  Interest  is  focussed  on  the  Barents 
Sea,  where  exploration  activity  has  recently  in¬ 
creased,  and  might  accelerate  with  additional  licens¬ 
ing  in  the  future. 


IDEnTXFICATICn  Or  ICEBERGS  IN  LANDSAT  IMAGES 


In  several  Landsat  images  we  could  clearly  see  numer¬ 
ous  ellipse-shaped  traces  os  a  result  of  small  ice 
floes  moving  past  grounded  icebergs.  These  ellipse¬ 
shaped  traces  are  caused  by  tidal  current  and  give 
valuable  additional  information  in  order  to  detect 
icebergs  in  Landsat  images.  The  discovery  of  these 
traces  Increases  the  chance  of  using  Landsat  images  to 
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extend  the  knowledge  of  the  changing  populations  of 
icebergs  In  the  shallower  parts  of  the  Barents  Sea. 

A  Landsat  TM  image  from  June  1st  I988  centered  on 
75®50'N,  22'>5b'E  (southwest  of  Hopen)  has  been  analy¬ 
zed  and  is  shown  in  Figs.  1  and  2.  The  image  covers  an 
area  of  90  x  90  km.  This  paper  presents  results  from 
the  Iceberg  identification  analysis.  The  position  of 
the  Icebergs  is  estimated  based  on  the  known  positions 
of  the  island  Hopen  in  the  adjacent  northern  image. 
Totally  50  icebergs  were  identified  and  they  are 
plotted  in  Fig.  3.  Oue  to  the  bathymetry  in  the  area 
and  the  ellipse-shaped  traces,  most  of  the  50  icebergs 
are  grounded.  The  depths  in  the  area  vary  from  35  - 
100  m. 


Fig.  1.  LANDSAT  quarter  scene  southwest  of  Hopen 


Fig.  3.  Positions  of  identified  icebergs  in  the 
LANDSAT  TM  image  June  1st  I988 


In  1988  Norwegian  Hydrotechnlcal  Laboratory  (NHL)  and 
Norwegian  Polar  Research  Institute  (NP)  conducted  the 
Ice  Data  Acquisition  Program,  Vessel  Deployment  (IDAP 
*88).  The  intention  of  the  expedition  was  to  obtain 
data  on  Iceberg  and  sea  ice  movement  through  the 
deployment  of  Argos  buoys  on  selected  icebergs  and  sea 
ice  floes.  The  ice  conditions  in  the  Barents  Sea  bet¬ 
ween  and  19-28®E  were  investigated  on  a  10 
days  survey  with  R/V  "LANCE"  late  March  1988.  About 
200  Icebergs  were  detected  on  this  survey.  The  highest 
concentration  of  icebergs  was  located  at  the  eastern 
slope  of  Spitsbergenbanken.  About  50  to  60  of  these 
Icebergs  were  grounded. 

During  this  survey  10  Argos  buoys  were  deployed  on 
Icebergs.  In  the  aftermath  the  icebergs  have  been 
tracked.  On  June  1st  1988  two  of  these  buoys  were 
within  the  area  covered  by  the  Landsat  image.  These 
two  Icebergs  are  also  identified  in  the  image. 

During  a  survey  with  K/V  "ANDENES"  in  late  May  1988,  a 
total  of  56  Icebergs  were  observed  from  the  vessel. 
Fig.  4  shows  the  icebergs  on  this  survey  close  to  the 
area  covered  by  the  Landsat  image.  A  comparison  bet¬ 
ween  the  observed  icebergs  in  Fig.  4  and  the  detected 
icebergs  in  Fig.  3  shows  that  a  majority  of  the  ice¬ 
bergs  are  still  in  the  area. 


VOLUME  ESTIMATION 

In  the  following  3  methods  for  volume  estimation  of 
Icebergs  will  be  described: 

*  stereo  photogrammetric  analysis 

*  simplified  stereoscopic  analysis 

*  shape  factor  method 

§SSESS.B!32i9SES5!!!S5EiS.SD5iX®i® 

Between  the  22nd  and  27th  of  March  I988  a  number  of 
Icebergs/bergy  bits  were  photographed  from  the  air 
along  predetermined  tracks  in  the  Barents  Sea,  south¬ 
east  and  east  of  Spitsbergen.  All  significant  Ice¬ 
bergs/bergy  bits  discovered  were  stereo-photographed 
by  a  precision  mapping  camera  from  3000  feet  altitude 
with  the  sun  elevation  between  12^  and  15®. 

During  IDAP *88  some  135  Icebergs/bergy  bits  were 
photographed,  and  102  of  them  have  been  analyzed  using 
the  overlapping  photographs.  These  icebergs  have  been 
fitted  into  an  analytic  stereoplotter  to  create  a 
stereographic  model  of  each  iceberg.  This  model  is 
then  used  to  draw  a  topographic  map  of  each  iceberg 
based  on  regular  photogrammetric  principles. 


The  stereo-operator  constructs  the  Iceberg  maps  with 
1  n  Interval  between  contour  lines  and  digitizes  the 
contour  lines  Into  a  data  base  at  the  same  time.  The 
resulting  digital  terrain  model  is  then  used  to  calcu¬ 
late  different  parameters  of  each  Iceberg.  These  para¬ 
meters  are: 

*  maximum  height 

*  maximum  waterline  length 

*  maximum  waterline  width 

*  waterline  plane  area 

*  above  waterline  volume 

The  volume  calculations  are  performed  using  the  plane 
area  of  each  height  contour.  Nominal  accuracy  of 
height  measurements  In  stereomodels  with  60%  overlap 
Is  0.015/C  of  the  aircraft  altitude,  l.e.  x.  0.l4  m  at 
3000  feet.  Overall  accuracy  of  the  volume  calculations 
of  the  Icebergs  is  about  ♦  4.6?.  This  method  provides 
data  with  high  accuracy,  but  Is  also  somewhat  time- 
consuming  (about  2.5  -  3  hours  per  iceberg). 

§i5Bii?iS^.5i§ES9§£9Ei9.§D9il!SiS 

The  equipment  needed  for  using  this  technique  is  a 
small  stereoscope  and  a  ruler.  With  this  equipment  the 
maximum  and  mean  length  are  measured  as  well  as  width 
(perpendicular  to  maximum  length)  and  the  sun  shadow 
length  on  the  level  ice.  The  maximum  values  are  rather 
easy  to  measure,  while  the  mean  size  parameters  become 
a  subjective  estimate. 

When  using  a  as  the  known  sun  elevation,  the  height 
parameters  are  calculated  as: 

H  =  S' tan  a  ♦  Hj,  Hq  -  sea  ice  freeboard 
S  -  sun  shadow  length 

These  calculations  and  scale  transformations  are  per¬ 
formed  with  computer  software.  The  mean  values  are 
used  to  estimate  area  and  volume,  as  follows: 

V  *  A  s  ^«can*^«con 

During  the  ICEBASE  (Sea  Ice  Investigations  in  the 
Barents  Sea)  programme  both  stereo  photograrametric 
analysis  and  simplified  stereoscopic  analysis  were 
performed  for  9  icebergs  (Nxss  et  al.,  1988),  The  ob¬ 
jective  of  this  intercomparison  was  to  test  the  diffe¬ 
rence  in  accuracy.  The  deviations  (per  cent)  for  the 
various  parameters  measured  are  tabulated  in  Table  1. 

Table  1.  The  deviations  (percent)  in  the  parameter 
estimates  between  stereo  photogrammetric  ana¬ 
lysis  and  simplified  stereoscopic  analysis 
for  9  icebergs. 


The  largest  deviations  are  found  for  the  area  measure¬ 
ments.  Tlia  I'eason  for  this  is  mainly  the  discrepancies 
in  drawing  the  line  between  the  iceberg  and  the  sur¬ 
rounding  ice.  This  line  is  sometimes  difficult  to 
define.  These  discrepancies  will  have  minor  effect  on 
the  volume  estimates.  The  deviations  are  smallest  for 
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tabular  icebergs  since  the  mean  parameters  are  easier 
to  estimate  for  this  category  of  icebergs.  This  is  a 
very  fast  method  for  estimating  the  size  parameters 
(less  than  10  minutes  per  iceberg). 

NHL  has  developed  software  to  calculate  maximum 
length,  width,  perimeter  and  area  based  on  digitized 
coordinates.  A  stereoscope  is  used  to  estimate  maximum 
and  mean  sun  shadow,  and  to  outline  the  iceberg  water 
level  area  on  a  transparency.  Then  the  outlined  area 
is  digitized,  and  the  digitized  coordi-nates  and  the 
shadow  lengths  are  input  to  the  software.  The  output 
of  the  software  are  more  accurate  estimates  of  all 
parameters  except  the  height  parameters.  Especially 
for  highly  irregularly  shaped  water  level  areas,  the 
increase  of  accuracy  for  the  area  and  volume  estimates 
is  significant.  This  increase  in  accuracy  requires 
more  labour  time  per  iceberg  than  the  above  described 
method  (about  20-30  minutes), 

§b2fi£.£9999£.5’S9!)9^ 

During  the  ICEBASE  programme  and  IDAP'88  a  total  of 
206  icebergs  were  analyzed.  The  size  parameters  of 
these  icebergs  were  estimated  by  using  stereo  photo¬ 
grammetric  analysis  and  simplified  stereoscopic  analy¬ 
sis  (•  70  ?  by  stereo  photogranmetric  analysis).  Based 
on  this  analysis  a  shape  factor  (f)  is  calculated  and 
defined  as:  f  =  L^^^  W„„,t.  The  purpose  was  to 
estimate  the  reliability  of  the  volumes  estimated  by 
using  this  shape  factor  method.  The  frequency  of 
occurrence  distribution  for  the  shape  factor  is  shown 
in  Pig.  5.  The  mean  value  of  the  shape  factor  is  0.35 
and  the  standard  deviation  is  about  0.12  (or  ^) •  As 
an  attempt  to  increase  the  accuracy,  the  frequency  of 
occurrence  for  the  shape  factor  is  determined  based  on 
classification  of  the  icebergs, 

The  icebergs  were  classified  into  four  categories: 
pinnacled,  tabular,  sloping  and  weathered.  Table  2 
shows  the  mean  values  and  the  standard  deviations  of 
the  shape  factor  for  all  these  iceberg  categories. 


Table  2.  Statistical  data  for  the  shape  factor  (f). 


Iceberg 

category 

Mean  value  of 
shape  factor 

Standard 

deviation 

Standard 
deviation  {%) 

Pinnacled 

0.30 

0.08 

25.2 

Tabular 

0.53 

C.ll 

2i.2 

Sloping 

0.34 

0.09 

25.1 

Weathered 

0.36 

0.09 

25.0 

All 

0.35 

0.12 

33.7 

The  figures  in  Table  2  clearly  show  an  increase  in 
accuracy,  but  still  the  deviations  are  quite  high.  The 
mean  values  of  the  shape  factor  for  the  pinnacled, 
sloping  and  weathered  icebergs  are  about  the  same. 
When  analysing  these  3  categories  as  one,  called  non- 
tabular,  the  mean  value  of  the  shape  factor  becomes 
0.32,  while  the  standard  deviation  increases  slightly 
(26.1  %).  The  frequency  of  occurrence  distributions 
are  shown  in  Fig.  6  and  Fig.  7. 

The  analyses  of  the  shape  also  searched  for  any  con¬ 
nection  between  the  shape  factor  and  the  size  of  the 
parameters.  Scatter  plots  were  made  of  the  shape  fac¬ 
tor  versus  the  following  parameters: 

•  height  (II) 

•  length  (L) 

*•  width  (W) 

•  height  divided  by  length  (H/L) 

•  height  divided  by  width  (H/W) 

•  width  divided  by  length  (W/L) 

•  height  divided  by  both  width  and  length  (H/W-L) 

An  example  of  these  scatter  plots  is  shown  in  Fig.  8. 
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Fig.  6.  Frequency  of  occurrence  of  the  shape  factor 
for  tabular  icebergs 
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Tig,  7.  Frequency  of  occurrence  of  the  shape  factor 
for  non-tabular  Icebergs 


Based  on  these  scatter  plots,  there  seems  to  be  no 
unique  connection  between  the  shape  factor  of  an  ice¬ 
berg  and  a  combination  of  the  size  parameters. 

CONCLUSIONS 

Recent  research  Justifies  the  assumption  that  the  ice¬ 
bergs  rather  than  the  sea  ice  represent  the  design 
load  in  the  Barents  Sea.  The  indentation  pressure  is 
a  function  of  contact  area  between  iceberg  -  structure 
(Sanderson,  I986)  and  the  shape  of  the  Iceberg  does 
also  affect  the  sharing  between  overturning  moment  and 
translation  forces  put  on  the  structure,  e.g.  if  the 
iceberg  hits  the  caisson  Instead  of  a  column. 

As  shown  by  the  standard  deviation  of  the  shape  fac¬ 
tors  (Table  2) ,  there  is  a  significant  decrease  in 
accuracy  whet.'  using  the  shape  factor  method  Instead  of 
the  two  other  rrthods.  The  experiences  so  far  clearly 
show  that  the  Inronnation  provided  by  the  3~dlmen- 
slonal  model  and  the  stert,u  photogrammetric  analysis 
is  of  high  value  and  justifies  its  cost. 

If  a  customer  wants  a  fast  estimate  of  a  limited  set 
of  size  parameters,  the  method  of  using  simplified 
stereoscopic  analysis  might  very  well  be  adequate.  Be¬ 
cause  of  the  poor  accuracy,  the  method  of  using  a 
shape  factor  is  limited  for  research  purposes.  But  the 
method  is  a  helpful  tool  to  get  a  low  cost  and  fast 
estimate  of  the  volume  of  an  Iceberg. 

When  performing  ice  reconnaissance  in  the  vicinity  of 
drilling  platforms' it  is  Important  to  sort  out  pos¬ 
sible  hazardous  Icebergs  from  the  more  harmless  ones 
(icebergs  which  can  be  handled  with  ice  management 
techniques).  By  using  the  shape  factor  (f)  and  a  load 
factor  (y)  the  volumes  are  estimated  as:  V  •  y’^' 
“sl"*  i'*'  Y  •  1.6  one  will  get 
maximum  volume  estimates,  which  should  be  adequate  to 
separate  harmless  Icebergs  from  those  who  need  better 
volume  estimates.  When  using  a  load  factor  less  than 
1.0  (l.e.  0.8)  one  will  get  a  minimum  estimate  of  the 

voluses,  and  if  this  minimum  volume  estimate  is  bigger 
than  the  design  criteria  for  the  ice  management  tech¬ 
nique  or  the  drilling  platform  itself  one  will  have 
to  prepare  for  evacuation  or  taking  into  account  other 
countermeasures  like  active  ice  management. 
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Fig.  8.  Scatter  plot  of  the  shape  factor  (f)  versus 
helght/(wldth' length)  for  pinnacled  Icebergs 
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OBSERVATIONS  OF  SEA  ICE  DRIFT  OFF  NEWFOUNDLAND  USING 
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Dally  sea  ice  velocity  fields  were  obtained  by 
manually  tracking  ice  features  in  80  pairs  of 
sequential  cloud-free  visible  NOAA/AVHRR  satellite 
images  for  the  region  off  Labrador  and  Eastern 
Newfoundland  from  1986-1986.  Although  cloud-free 
images  were  found  for  winds  from  all  directions,  the 
images  were  least  likely  to  be  cloud- free  when  winds 
were  onshore.  During  the  winters  of  1985  to  1987,  ice 
velocities  were  also  obtained  using  a  total  of  28 
Argos  satellite- tracked  ice  beacons,  deployed  off  the 
Labrador  coast  by  helicopter.  The  imagery-derived 
velocity  fields  were  in  good  agreement  with  these 
data.  With  light  to  moderate  winds,  the  influence  of 
the  Labrador  Current  could  clearly  be  see.i  ¥t  the 
shelf  break.  Strong  topographic  steering  was  evident 
around  the  numerous  banks  and  saddles  on  the  shelf. 
Daily  geostrophlc  wind,  which  was  calculated  from  FNOC 
surface  pressure  data  on  a  380  km  grid,  accounts  for 
about  half  the  variance  in  dally  ice  velocity,  for 
both  the  Imagery  and  beacon  data, 

KEY  WORDS:  Newfoundland  shelf,  sea  ice  drift,  AVHRR 
imagery,  ice  beacons 

INTRODUCTION 

The  understanding  of  sea  ice  motion  over  the 
continental  shelf  off  Labrador  and  Newfoundland  is 
important  for  the  hydrocarbon  exploration  and 
development  taking  place  off  the  Canadian  east  coast, 
since  sea  ice  exerts  forces  on  offshore  platforms, 
interferes  with  surface  shipping  support  and  affects 
Iceberg- towing  operations.  The  study  of  ice  drift  may 
also  provide  information  on  ocean  circulation  patterns 
for  this  region  which  could  be  useful  for  the 
prediction  of  iceberg  trajectories  and  the  drift  of 
fish  eggs  and  larvae. 

The  Labrador/Newfoundland  shelf  (Figure  1) 
consists  of  a  series  of  banks  and  saddles,  with  a  mean 
depth  of  about  200  m  off  Labrador,  about  300  m  over 
the  Northeast  Newfoundland  shelf,  and  less  than  200  m 
over  the  Grand  Banks.  The  main  core  of  the  Labrador 
Current  is  located  over  the  continental  slope. 

In  this  paper,  observations  of  ice  drift  over  the 
continental  shelf,  obtained  from  sequential  satellite 
Images  for  1984-1986  are  described.  These  are 
compared  with  data  obtained  from  Argos 
satellite-tracked  ice  beacons  deployed  on  ice  floes  by 
helicopter  in  1985-87,  and  with  gridded  geostrophlc 
wind  data  obtained  from  the  Atmospheric  Environment 


Service  (Swail,  1985). 


’  METHODS 

Pairs  of  relatively  cloud- free  visible  NOAA/AVHRR 
Images  (each  at  about  1600-1800  Z)  approximately  1  day 
apart  were  navigated  by  means  of  ephemeris  data,  to  an 
accuracy  of  1-2  km.  An  example  of  a  pair  of  images 
from  March  1985  is  shown  in  Figure  2.  Ice  tracking 
was  done  manually  by  flickering  between  the  two 
images.  In  general,  floes  are  smaller  than  the 
resolution  of  Che  Imagery  (1  km)  across,  so  that 
diffuse  patches  of  floes  are  cracked.  Where  possible 
however,  individual  ice  floes  larger  than  1  km  were 
cracked,  using  the  centre  of  the  floe.  In  fact,  these 
large  floes  are  usually  aggregates  of  smaller  floes 


Figure  1.  The  bathymetry  off  Labrador  and  eastern 
Newfoundland  (depths  are  in  meters) . 
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Figure  2.  Visible  AVHRR  images  off  southern  Labrador  between  52  and  for 

March  19,  1985  (left),  and  March  20,  1985  (right). 


which  have  frozen  together  or  been  compressed  together 
against  the  shore.  Obviously,  the  error  associated 
with  tracking  will  be  higher  for  patches  of  floes  than 
for  individual  floes.  The  error  of  the  latter  is 
probably  1-2  km. 

In  total,  "80  velocity  fields  were  obtained  for 
1984-86S  30  in  1984,  32  in  1985,  and  18  in  1986.  In 
addition,  12  velocity  fields  have  been  generated  for 
1987,  but  are  not  included  in  this  analysis. 

Ice  velocities  were  also  obtained  for  1985-87 
from  satellite -Cracked  beacons  deployed  on  ice  floes 
off  Labrador  by  helicopter  (Peterson  and  Symonds, 
1988).  For  1985  and  1986,  eleven  beacons  were 
deployed  (half  in  January,  and  half  in  February), 
while  for  1987,  only  one  deployment  of  6  beacons  was 
carried  out  in  January.  For  each  deployment,  three 
beacons  were  deployed  off  Main  and  three  off  Hakkovik 
(Figure  1) .  Some  of  the  beacons  were  equipped  with 
anemometers.  .About  7-12  positions  per  day  were 
computed  by  Service  Argos  froqi  the  Doppler  shift  in 
beacon  transmissions,  with  an  accuracy  of  about  200  m. 
Daily  ice  velocities  were  calculated  by  linearly 
interpolating  beacon  positions  to  a  fixed  time  of  the 
day,  for  a  total  of  about  1200  buoy-days  of  data. 

EXAMPLES  OF  ICE  VELOCITY  FIELDS 

Three  examples  of  daily  ice  velocity  fields 
obtained  from  satellite  imagery  for  March  1985  are 
shown  in  Figures  3,  4  and  5  (narrow  arrowheads).  The 
ice  velocities  obtained  from  ice  beacons  over  the  same 
time  Interval  (wide  arrowheads)  are  in  good  agreement 
with  those  obtained  from  imagery.  The  corresponding 
geostrophic  wind  field  is  shown  in  the  inset  in  the 
upper  right  hand  corner,  covering  the  same  area  as  the 
large  map. 

For  the  first  example  (Figure  3),  strong 
persistent  alongshore  winds  for  several  days  caused 
the  pack-ice  to  move  uniformly  parallel  to  the  coast 
on  March  6-7.  The  other  two  velocity  fields 
correspond  to  relatively  weak  wind  conditions.  The 
one  for  March  10-11  (Figure  4) ,  follows  several  days 
of  weak  southwesterly  winds.  In  contrast  to  the 


Figure  3.  Dally  ice  velocities  for  March  6-7,  1985 
from  satellite  Imagery  (narrow  arrowheads)  and  ice 
beacons  (wide  arrowheads) . 
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previous  figure,  Ic  shows  a  weak,  less  organized  flow 
field.  Yet  the  effect  of  the  Labrador  Current  over 
the  shelf  Is  still  visible.  The  flow  pattern  In  the 
south  Is  similar  to  the  results  of  a  barotroplc  model 
for  this  region  (Greenberg  and  Petrie,  1988).  The 
velocity  field  for  March  19-20,  1985  (Figure  5) 
follows  a  period  of  longshore  winds,  and  was  derived 
from  the  Images  In  Figure  2,  The  Ice  edge  changed 
from  being  straight  along  the  1500  m  contour  on  March 
19,  to  a  wavy  pattern  with  a  wavelength  of  about  80  km 
on  March  20.  A  strong  clockwise  flow  of  Ice  Is 
visible  around  Hamilton  Bank,  with  a  weaker 
counterclockwise  flow  around  Hawke  Saddle  to  the  south 
of  It.  This  may  have  resulted  from  ocean  currents 
spinning  down  after  several  days  of  longshore  winds. 

WEAK  WIND  CASES 

Figures  4  and  5  demonstrate  the  variability  In 
Che  flow  patterns  associated  with  weak  wind 
conditions,  while  at  the  same  time  they  show  the 
Importance  of  ocean  currents  and  bottom  topography.  A 
summary  of  many  of  the  features  seen  In  the  other 
velocity  fields  corresponding  to  weak  wind  conditions 
is  as  follows. 

The  effect  of  Che  main  core  of  Che  Labrador 
Current  is  clearly  visible  over  the  shelf  break, 
where  ice  speeds  are  high,  and  Che  flow  closely 
follows  the  bathymetry,  centred  over  the  1000  m 
Isobath.  Although  the  ice  edge  usually  coincides  with 
the  shelf  break,  in  April  1984  the  ice  extended 
further  offshore,  and  counterclockwise  eddies  about  30 
km  in  diameter  could  be  seen  offshore  of  the  Labrador 


Figure  5.  Same  as  Figure  3  for  March  l'9-20,  1985. 
Current  (Peterson,  1987). 


Over  Nain  Bank,  and  Inshore  of  the  bank  along  the 
marginal  trough,  the  flow  tends  to  be  southward,  but 
Is  deflected  offshore  at  Hopedale  Saddle.  The  flow 
over  Hakkovik  and  Harrison  Banks  and  Cartwright  Saddle 
is  usually  very  weak.  Along  the  southern  .edge  of 
Hamilton  Bank,  part  of  the  flow  from  the  Labrador 
Current  Is  often  deflected  Inshore,  where  it  sometimes 
continues  around  the  western  edge  of  the  bank,  as 
shown  in  Figure  5.  Inshore  of  Hamilton  Bank,  there  is 
usually  a  weak  southward  flow. 

The  flow  along  the  northern  edge  of  Belle  Isle 
Bank  tends  to  be  offshore,  with  the  flow  shown  in 
Figure  5  being  an  exception.  A  cyclonic  eddy  can 
often  be  observed  In  the  southeast  corner  of  Hawke 
Saddle.  South  of  this,  the  currents  are  usually 
strongest  over  the  300  m  contour  on  the  western  side 
of  the  channel  separating  Belle  Isle  Bank  from  the 
mainland. 

There  are  many  other  Instances  of  topographic 
steering  east  of  Newfoundland,  In  particular  a 
northeastward  flow  north  of  Funk  Island  Bank  (Figure 
4),  and  an  eastward  flow  along  the  northern  edge  of 
both  Notre  Dame  Bank  and  Grand  Bank. 

MIND  EFFECTS 

Because  the  use  of  visible  AVHRR  imagery  depends 
on  cloud- free  Images,  there  Is  likely  to  be  a  bias 
towards  certain  wind  conditions  which  are  most  often 
associated  with  cloud- free  conditions.  In  Table  1, 
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Table  1.  Frequency  and  mean  wind  speed  by  quadrant  (the  direction  the  wind  Is 
from)  (a)  for  all  days,  and  (b)  for  days  with  cloud- free  Image  pairs  only. 

Quadrant  Total  Total  Cloud-free  Images  Mean  Wind  Speed  (m/s) 

Number  Frequency(%)  Number  Frequency(%)  Total  Cloud-free  only 


SW 

73 

27 

15 

SE 

37 

14 

3 

NE 

71 

26 

18 

NW 

93 

34 

41 

the  ft  quency 

of  cloud- free 

images 

Is  shown  as 

a 

function  of 

wind  direction. 

for 

the  winters 

of 

1984-86,  The  wind  direction  Is  for  the  grid  point  at 
52“  48  N,  54°  42  W,  and  the  Image  pair  was 
considered  cloud- free  If  any  Ice  features  within  half 
a  grid  unit  could  be  tracked.  The  overall  frequency 
of  winds  In  the  four  quadrants  Is  also  shown  for  this 
grid  point,  for  the  sum  of  the  periods  In  each  year 
between  the  first  and  last  Image  pair. 

For  the  three  periods  In  1984-86,  the  overall 
winds  were  In  the  southeasterly  (direction  from) 
quadrant  only  14%  of  the  time  (37  days  out  of  274),  of 
which  the  Image  pairs  were  cloud- free  only  8%  of  Che 
time  (3  days  out  of  37).  On  the  other  hand,  the 
overall  winds  were  In  the  northwesterly  quadrant  34% 
of  the  time,  of  which  the  Image  pairs  were  cloud- free 
44%  of  the  time.  The  other  two  quadrants  were 
Intermediate. 

The  mean  wind  speed  In  each  quadrant  Is  also 
shown  In  Table  1,  along  with  Che  mean  wind  speed  for 
the  cloud- free  Image  pairs.  Overall,  the  mean  wind 
speed  for  the  cloud- free  Image  pairs  Is  8.6  m/s, 
compared  with  10.1  m/s  for  the  total  period.  With 
Imagery  data,  there  Is  also  a  bias  toward  low  Ice 
speeds,  since  It  Is  easier  Co  track  slow-moving  than 
fast-moving  Ice  features  In  Imagery. 

Ice  beacon  data,  on  the  other  hand,  are  also 

biased.  The  drift  tracks,  and  hence  the  data 

distribution,  are  largely  determined  by  wind 

conditions,  so  that  there  Is  likely  to  be  a  bias 

toward  onshore  winds  near  the  coast,  and  offshore 
winds  far  from  the  coast.  For  grldded  data,  there  Is 
expected  to  be  a  bias  toward  slow-moving  beacons, 
simply  because  they  will  stay  In  the  region  longer. 

The  effect  of  wind  on  Ice  drift  In  different  grid 
squares  was  evaluated  for  the  Image  data  (1984-86)  and 
the  beacon  data  (1985-86)  separately,  using  complex 
regression  analysis.  A  regression  model  of  the  form 

“  |A|  “a  "c  ‘ 

was  used,  following  Thorndike  and  Colony  (198  ),  where 

U,  Is  the  Ice  velocity,  U  Is  the  geostrop’.  Ic  wind 
1  « 

velocity,  |a|  Is  the  scaling  factor,  6  is  the  turning 
angle,  and  t  Is  the  error.  The  offset,  U^,  which  Is 

the  mean  Ice  drift  minus  the  effect  of  the  mean  dally 
wind.  Is  termed  the  mean  current. 

The  results  of  the  regression  were  similar  for 
the  Image  data  and  beacon  data.  In  spite  of  the  wind 
biases  mentioned  above.  The  regression  model 
accounted  for  about  half  the  variance  In  Ice  velocity. 
In  agreement  with  other  studies  of  coastal  Ice  drift 
(Thorndike  and  Colony,  1982;  Johannessen  et  al,  1983). 

CONCLUSIONS 

Ice  drift  data  obtained  from  satellite  Imagery  Is 


21 

8.4 

7.1 

8 

10.2 

11.1 

25 

11.8 

8.9 

44 

10.1 

8.7 

In  good  agreement  with  that  from  satellite-tracked  Ice 
beacons.  The  velocity  fields  derived  from  the  Imagery 
are  of  high  spatial  resolution  over  a  large  area,  and 
therefore  complement  the  beacon  data,  which  provide 
continuous  time  series  of  Ice  drift. 

Because  of  the  high  spatial  resolution.  Ice 
tracking  using  satellite  Imagery  also  represents  a 
useful  oceanographic  cool  for  studying  details  of  the 
surface  flow  pattern  In  this  region,  add  for  verifying 
numerical  models  of  Ice  drift  or  ocean  circulation. 
Ice  cracking  is  done  over  a  period  in  the  year  when 
little  other  oceanographfic  Information  Is  available. 
Details  of  the  ocean  surface  flow  pattern  may  have 
Implications  for  the  drift  of  fish  eggs  and  larvae. 
For  instance,  northern  cod  spawns  along  the  Labrador 
shelf  break  during  March  to  May,  (Fitzpatrick  and 
Miller,  1979)  and  the  onshore  flow  observed  at  Hawke 
Saddle  may  represent  an  Important  pathway  for  the 
drift  of  fish  eggs  and  larvae  closer  to  shore,  where 
they  later  develop. 
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Typically  the  Beaufort  Sea  Gyre  has  an  anticyclonic  circulation.  Recent  studies  ol  monthly  data 
have  Illustrated  a  cyclonic  reversal  during  August  lor  most  years  ol  record.  Examination  ol 
satellite  imagery  reveals  that  the  sea  Ice  diverges  during  this  reversal.  Consequently  there  is 
probably  an  Increase  In  the  heat  flux  from  the  ocean  to  the  atmosphere.  This  anomalous  heat 
flux  may  have  a  feedback  effect  on  the  stabilization  ol  the  low  pressure  cell  that  drives  the 
reversed  circulation. 

We  are  examining  Defense  Meteorological  Satellite  Program  visible  and  IR  imagery  as  well  as 
SMMR  and  recent  SSM/I  microwave  imagery  to  study  this  problem.  Specifically,  for  Individual 
days  during  the  reversal  period  we  are  mapping  the  area  and  pattern  of  open  water  and  ice  con¬ 
centration  evident  on  the  imagery.  Using  these  data  in  conjunction  with  National  Meteorological 
Centre  gridded  atmospheric  data  we  are  calculating  the  surface  turbulent  heat  tlux  from  the 
water  and  ice.  These  values  provide  the  lower  boundary  condition  for  a  diagnostic  model  ol 
atmospheric  dynamics  from  which  we  can  assess  the  role  ol  the  sea  ice  divergence  on  synoptic 
evolution. 

In  this  paper  we  report  on  the  linkage  between  the  sea  ice  concentration  as  derived  from 
satellite  imagery  and  the  spatial  patterns  of  the  surface  heat  flux  lor  several  cases.  Through 
senslllvity  analysis  we  evaluate  the  spatial  resolution  of  Ice  pattern  and  concentration  required 
to  force  atmospheric  processes  at  the  synoptic  scale.  We  also  evaluate  the  effect  ol  the 
difference  in  the  US  and  Canadian  concentration  algorithms  on  the  atmospheric  forcing. 


SOME  OBSERVATIONS  OF  THE  SNOWCOVER  ON  SEA  ICE 
IN  THE  GULF  OF  BOTHNIA 


G.  B.  Crocker 

Centre  for  Cold  Ocean  Resources  Engineering 
Memorial  University  of  Newfoundland 
St.  John’s,  Newfoundland,  AlB  SXS 
(709)  737-8358,  FAX:  (709)  737-f706 

Dirk  Wcrle 

jERDE  Environmental  Research 
43  Parihill  Road 
Halifax,  Nova  Scotia,  B3P  IR) 

(902)  477-2266 

Abstract 

During  March  of  1988,  detailed  measurements  of  the  physical  proper¬ 
ties  and  depth  distributions  of  the  snowcover  on  the  sea  ice  in  the  Gulf  of 
Bothnia  were  made  as  part  of  BEPERS-88  (The  Bothnian  Experiment  in 
Preparation  for  ERS-1).  The  measurements  included  profiles  of  the  den¬ 
sity,  crystal  structure,  salinity,  temperature,  and  brine  volume  (all  at  1.2 
cm  depth  intervals),  and  a  total  of  1C84  snow  depths.  The  profiles  revealed 
that  the  near-surface  layers  of  the  snowpack  contain  a  large  liquid  frac¬ 
tion,  even  when  the  ambient  temperature  is  well  below  0®C.  The  volume 
fraction  of  this  highly  saline  brine,  which  is  drawn  up  from  the  ice  surface 
in  the  early  stages  of  ice  and  snowcover  development,  varies  temporally 
in  response  to  brine  drainage  processes  and  to  temperature  (following  the 
phase  relation  for  the  salt  mixture).  Most  importantly,  it  was  found  that 
with  the  snow  temperatures  and  salinities  observed  in  this  region,  signifi¬ 
cant  quantities  of  liquid  are  present  even  in  mid-winter.  The  implications 
of  this  liquid  fraction  for  the  dielectric  and  backscattering  properties  of  the 
medium  (at  radar  frequencies)  and  for  the  interpretation  of  SAR  imagery, 
are  discussed.  The  depth  measurements  are  divided  into  5  groups  repre¬ 
senting  5  different  ice  surface  roughnesses.  The  depth  distributions  show 
that  ice  surface  roughness  strongly  'influences  the  snow  depth  variations, 
with  the  general  trend  being  toward  decreasing  snow  depth  variability 
with  decreasing  ice  surface  roughness,  until  the  ice  is  very  smooth  when 
snow  depth  variability  again  increases.  This  phenomenon  is  attributed  to 
changes  in  the  aerodynamics  of  the  deposition  process,  and  the  implica¬ 
tions  of  the  observed  distributions  for  estimating  ice  surface  elevations  or 
ice  surface  roughness  from  laser  profilometry  (which  records  changes  in 
snow  surface  elevation)  are  assessed. 
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The  problem  of  detecting  new  ice  <le55  than  0.10  m  thick)  from 
spaceborne  sensors  will  be  addressed  in  this  presentation. 

The  similarities  in  signatures  of  new-ice  pixels  and  ice-free  ocean 
pixels*  for  the  whole  range  of  frequencies  <from  visual  to  cm 
wavelengths)*  lead  to  difficulties  that  limit  the  usefulness  of  the 
sensors'  information.  In  addition*  the  algorithms  developed  for  ice 
information  retrieval  are  usually  set  up  for  global  use*  le  without 
taking  into  account  regional  differences. 

Our  previous  work  has  shown  that*  in  order  to  fully  utilize 
remote-sensed  information*  a  degree  of  flexibility  in  data 
interpretation  as  to  be  built-in  into  the  model.  This  flexibility 
should  include  both  regional  differences  and  multi-sensor  data  use. 

Our  present  algorithm  introduces  two  new  modules:  one  that  allows 
for  regional  differences  and  another  that  includes  multi-sensor 
information.  Once  a  region  of  interest  is  identified  from  the  global 
algorithm  output*  and  if  the  presence  of  new  ice  is  suspected*  the 
user  can  selectively  "turn-on"  either  one  or  both  modules.  In  the 
proximity  of  an  ice  edge  or  in  the  marginal  ice  zones*  the 
multi-sensor  module  will  allow  more  accurate  ice  edge  location.  Data 
from  sensors  of  high  spatial  resolution*  such  as  OLS  or  NOAA*  will 
be  utilized  for  this  purpose. 

□nee  these  modules  are  fully  tested*  they  will  be  incorporated  into 
a  global  algorithm  that  "flags”  specific  regions  for  the  more 
detailed  processing. 

We  will  present  the  results  of  testing  these  modules  on  data  from 
SSM/I  <Special  Scanning  Microwave  /  Imager)*  and  OLS  or  NOAA. 
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Abstract-  Areal  fractions  of  undeforined  young  and  first  year 
icc  are  important  for  the  determination  of  the  spatial  variation 
of  ice  strength  and  mass  for  the  modelling  of  ice  motion. 

This  paper  presents  a  basis  for  treating  these  types  of  ice  as 
a  single  class.  A  series  of  relationships  are  derived  that  link  the 
thickness  of  undeformed  ice  to  radar  image  grey-level 

The  approach  is  based  on  a  ph  ‘  al  optical  model  for  the 
radar  return  of  undeformed  ice.  In  ' Ji'l  most  of  the  of  the 
variation  in  return  at  a  given  angle  of  incidv..ce  can  be  explained 
by  changes  in  the  Fresnel  reflectioti  -lent  which  is  a  func¬ 
tion  of  the  dielectric  properties  of  ice  j.he  complex  dielectric 
constant  is  related  to  salinity  and  surface  temperature  which  in 
turn  depends  on  the  age  and  thickness  of  the  ice.  The  combi¬ 
nation  of  these  factors  is  a  hyperbolic  relationship  that  is  well 
approximated  by  a  power-law  expression  that  relates  ice  thick¬ 
ness  to  image  grey-level. 

The  results  correspond  well  with  a  13.3  GHz  data  set  from 
the  Canadian  Centre  for  Remote  Sensing  and  with  an  analysis  of 
10.0  GHz  SLAR  imagery  of  the  Beaufort  Sea 

Keywords-radar  imagery,  backscatter,  ice  thickness 

Introduction 

Estimates  of  the  spatial  variation  of  ice  thickness  in  a  region  are 
important  data  for  the  modelling  of  ice  motion  Thickness  data  is 
used  in  two  ways.  First,  all  motion  models,  with  the  exception  of 
those  for  free  drift,  require  some  characterization  of  the  strength 
of  the  ice  pack.  Various  strength  models  have  been  proposed  (Hi- 
bler,  1980;  Coon,  1980)  and  all  of  them  require  the  estimation  of 
certain  global  parameters  as  well  as  local  estimates  of  ice  thick¬ 
ness.  Secondly,  all  motion  models,  including  those  for  free  drift, 
require  estimation  of  the  local  mass  of  the  ice  pack.  Because 
ice  thickness  is  not  directly  measurable  from  radar  backscatter, 
acquiring  these  data  from  radar  imagery  is  a  significant  challenge. 

Fortunately,  thickness  estimates  are  only  required  at  a  spatial 
resolution  that  is  determined  by  the  element  size  of  the  numerical 
model  being  used  in  a  region.  This  area  can  vary  from  1  km’  to 
10,000  km’  depending  on  the  size  of  the  region  under  study.  Ice 
mass  and  ice  strength  are  estimated  at  each  node  from  the  fre¬ 
quency  distribution  of  the  ice  thickness  in  the  neighbourhood  of 
the  node.  Normally,  this  histogram  is  constructed  using  concen¬ 
trations  of  various  ice  categories  and  typical  thickness  ranges  for 
each  category.  Nodal  ice  mass  is  calculated  using  the  mean  of  the 
thickness  distribution  and  nodal  ice  strength  is  calculated  in  var¬ 


ious  ways  that  use,  in  effect,  up  to  the  first  three  moments  of  the 
undeformed  young  and  first-year  ice  portion  of  the  distribution 
(Soulis  et  al,  1987). 

Nevertheless,  meeting  these  requirements  requires  consider¬ 
able  effort.  Producing  an  accurate  thickness  histogram  requires 
identification  of  the  various  sub-classes  of  undeformed  young  ice 
(gffiyi  grey-white)  and  undeformed  first-year  ice  (thin,  medium, 
and  thick)  which  is  a  non-trivial  image  segmentation  problem 
because  the  signatures  of  these  sub-classes  have  significant  over¬ 
lap.  Texture  measures  are  some  help  (Holmes  et  al,  1984)  but 
multi-channel  imagery  appears  to  be  required  (Livingstone  et  al, 
1987). 

This  paper  provides  a  basis  for  treating  the  above  classes  as  a 
single  class  by  presenting  a  relationship  between  radar  backscat¬ 
ter  and  ice  thickness  that  is  sufficiently  accurate  on  average  to 
permit  the  transformation  of  backscatter  statistics  to  thickness 
statistics.  Attempts  have  been  made  to  use  imaging  sensors  to 
measure  ice  thickness  (Page  ancMlaniscier,  1975)  but  the  results 
have  not  been  highly  successful  because  in  general  there  appears 
to  be  poor  correlation  between  ice  surface  characteristics  and 
ice  thickness.  There  is,  however,  some  evidence  that  such  a  re¬ 
lationship  does  exist  for  cold  undeforined  young  and 'first-year 
ice.  Table  1  gives  the  backscatter  and  thickness  ranges  for  these 
ice  classes  from  a  Canadian  Centre  for  Remote  Sensing  data  set 
(Livingstone  et  al,  1987),  Backscatter  appears  to  decrease  mono- 
tonically  with  ice  thickness. 

Table  1:  Winter  ice  signatures  at  45“  incidence  angle  (from  Liv¬ 
ingstone  et  al,  1987  ) 


Ice  Type 

Backscatter  ((t^h  dB) 
mean  standard 

deviation 

Thickness 

(cm) 

Young  ice 

Grey 

-12.85 

1.61 

10-15 

Grey-white 

,14.92 

0.93 

15.30 

First-year  smooth 

-21.49 

1.81 

30-200 

Radar  returns  from  first-year  ice 

From  energy  balance  considerations,  the  radar  return  from  first- 
year  ice  is  given  by 
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(1 


where  <7®  is  the  backscatter  coefficient,  <tJ,  is  (7®  for  the  snow  sur¬ 
face,  <T%  is  <7®  for  the  snow  volume,  <7,®,  is  <7®  for  the  ice  surface,  <t®„ 
is  (7®  for  the  ice  volume,  T,  is  the  power  transmission  coefficient 
of  the  air/ snow  boundary,  T,  is  the  power  transmission  coefficient 
of  the  snow/ice  boundary,  L  is  the  one  way  loss  through  the  snow- 
layer,  6  is  the  angle  of  refraction  in  the  snow,  and  6  is  the  angle 
of  refraction  in  the  ice.  Kim  (1984)  shows  that  for  first-year  ice, 
the  last  term  including  (7j’„(^  ’)  becomes  negligible  at  frequencies 
in  the  10  GHz  range  and  usually  can  be  omitted 

For  dry  snow,  which  is  the  most  likely  condition  when  the  ice 
is  cold,  the  real  part  of  the  dielectric  constant  for  snow  is  only 
1.6  or  1.7  (Hallikainen  and  Ulaby,  1981).  Therefore,  there  is  very 
little  refraction  of  the  radar  beam  as  it  passes  through  the  snow 
cover.  That  is,  0  is  very  close  to  9. 

Thus,  using  representative  values  for  the  snow  volume  scat¬ 
tering  coefficient,  equation  (1)  simplifies  to 


<7®(^)  =  <7®.f<7®C7,.(«)  (2) 


where  (Tq  and  <7®  are  functions  of  6.  Therefore  a  surface-scattering 
model  should  explain  most  of  the  variation  in  <7®(d). 

Among  the  many  surface-scattering  theories,  the  Kirchoff  or 
physical-optical  formulation  is  one  of  the  most  widely  used.  This 
theory  is  applicable  to  surfaces  with  gentle  undulations  whose 
horizontal  dimensions  are  large  compared  with  the  incident  wave¬ 
length.  Thus  a  surface  can  be  modelled  as  a  collection  of  facets  at 
which  plane  reflection  is  occurring.  The  return  power  can  then  be 
described  statistically  based  on  the  probability  density  function 
and  the  autocovariance  function  of  the  reflecting  surface  This  is 
still  a  formidable  task  and  a  variety  of  analytical  approximations 
have  been  derived. 

The  following  physical-optical  model  was  proposed  for  first- 
year  ice  by  Kim  (1984)  and  has  been  verified  experimentally  by 
Xue  et  al  (1986)  using  measurements  of  artificial  ice  at  the  Cold 
Regions  Research  and  Engineering  Laboratory  outdoor  tank. 
Surface  scattering  from  first-year  ice  is  computed  using  a  physical- 
optics  model  with  an  exponential  correlation  function  (Kim  et  al, 
1985).  Most  of  the  radar  return  is  contained  in  the  incoherent 
scattering  component  and  therefore,  <7,",(d)  can  be  determined  by 

—  2fc*|f?p(d)|’cos*dexp{-(2kcrcosd)*}  • 
^(dfcV^cos^e)"  k\n/L) 


where  k  is  the  radar  wave  number,  Rp(9)  is  the  complex  Fresnel 
reflection  coefficient  for  polarization  p  at  incidence  angle  9,  a  is 
the  rins  height  of  the  surface  and  L  is  the  correlation  length  of  the 
surface.  This  model  applies  to  surfaces  with  an  average  radius 
of  curvature  greater  than  the  radar  wavelength  and  an  rms  slope 
of  the  surface  of  less  than  0  25.  Most  undeformed  first-year  ice 
meets  these  conditions  (Kim,  1984). 

Substituting  equation  (3)  in  equation  (1)  gives 

<7®(d)=<7®-fO®C|W  (4) 

where  C  is  a  function  of  9 

The  incoherent  scattering  component  varies  considerably  with 
angle  of  incidence  which  accounts  for  the  change  in  brightness 
across  a  radar  image.  To  give  a  uniform  appearance  either  sensi¬ 
tivity  time  control  is  used  during  image  acquisition  or  some  post¬ 
processing  technique  is  used  to  correct  for  the  angular  variation 
in  <7® .  This  results  in 


<7®  =  <7®-f<73®|/?(d,)|’  (5) 

where  9,  is  some  reference  angle  and  irj  and  <7®  are  constants  for 
the  image. 

Finally,  the  digital  grey  levels  in  an  image  are  normally  a  lin¬ 
ear  transformation  of  returned  power.  Therefore,  for  undeformed 
first-year  ice 

i  =  So -b  «i|R(^r)|*  (6) 

where  s  is  image  grey-level  and  So  and  sj  are  constants  that 
depend  upon  the  signal  processing  that  has  occurred. 

Thus  the  grey-levels  observed  in  an  well-calibrated  image  will 
vary  with  the  magnitude  of  the  Fresnel  reflection  coefficient  of 
the  ice  surface. 


The  Fresnel  reflection  coefllcient 

The  Fresnel  reflection  coefficient  R(9r)  is  the.  ratio  of  the  field 
intensity  of  a  reflected  plane  wave  to  the  field  intensity  of  a 
plane  wave  incident  at  an  interface  between  two  media  at  an¬ 
gle  9.  Maxwell’s  equations  for  propogation  of  an  electromagnetic 
wave  in  a  lossy  homogeneous  medium  are 


VxB 

V  X  // 


dji 

dt 


-If 


n 

-oE-fc-^ 


where  £  is  the  electric  field  vector,  H  is  the  magnetic  field  vector, 
/I  IS  material  permeability,  e  is  material  permittivity  and  <J  is 
material  conductivity. 

Requiring  that  the  tangential  and  normal  boundary  condi¬ 
tions  match  at  the  interface  and  evaluating  l/?(^r)l*  8''’®* 

M*  -  Icosfi,  -  v/rcos(e/2)P  -t-  rsinHg/2) 

^  fcos^r  +  \/^cos(^/V)p  +  rsin®(072') 

r  »•  1 


—  Mil 

r  =  {(e’-sin»(?,|’-f(£"l}l 

where  9,  is  the  angle  of  incidence  of  a  wave  in  medium  1  on 
the  surface  of  medium  2  measured  from  a  normal  to  the  surface, 
t  IS  the  imaginary  part  of  the  dielectric  constant  given  by  c/ui 
and  w  is  the  frequency  of  the  incidence  wave.  By  substituting 
equation  (7)  into  equation  (6),  the  variation  in  the  grey-level  for 
undeformed  ice  is  determined  by  two  calibration  coefficients  so 
and  S]  and  the  complex  dielectric  constant  for  sea  ice. 


The  relationship  between  dielectric  constant  and  thick¬ 
ness 

The  complex  dielectric  constant,  t,  determines  the  electromag¬ 
netic  properties  of  a  material.  The  real  part,  e  ,  is  related  to 
the  amplitude  of  a  wave  propogating  through  the  medium  and 
the  imaginary  part,  c  ,  is  related  to  the  attenuation  of  the  wave. 
Neither  component  depends  directly  on  ice  thickness.  Rather, 
both  are  functions  of  ice  salinity,  5,  and  ice  temperature,  T, 
both  of  which  can  be  related  to  thickness.  Vant  et  al  (1978)  used 
AIDJEX  data  to  relate  c,  S,  and  T  empirically  and  found  e  well 
approximated  at  4  GHz  by 

c  =  3.05  +  7.20Vi,  (8) 

i"  =  .024  -b  3.2914,  (9) 

where  VJ,  is  the  volume  of  brine  in  the  ice  in  parts  per  thou- 
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«itnd.  The  volume  of  brine  can  be  calculated  by  (Frankenstein 
and  Garner,  1967) 

*“49  185 

V'tr  =  S{ — - —  +  0.532)  -  27.9‘’C  <T<  -O.S'C  (10) 

The  values  of  the  dielectric  constant  calculated  from  equa¬ 
tions  (8)  and  (9)  may  be  adjusted  for  other  frequencies  using 
(Kim,  1984) 

tf  =  (.995  -  .00154/)£ic//.  5GHz  <  /  <  ISGhz  (11) 
c';  =  (.914  -  .00546/)£;'c„. 


Following  Nakawo  and  Sinha  (1981),  k,  is  .0006  cal  cm"*  s*' 
deg"*,  ki  is  .005  cal  cm"*  s"*  deg"*,  and  Tm  is  -LO'C,  which 
gives 

T,  =  .5457;  +  123.4  (18) 

where  T,  and  7),  are  in  degrees  Kelvin. 

Comiso  (1983)  conducted  a  linear  fit  between  for  T,  to  the  pre¬ 
dictions  of  the  Maykut  and  Untersteiner  (1971)  model  (T^ble  2) 
for  each  of  the  four  seasons.  The  parameters  are  close  to  the 
values  predicted  by  equation  (18)  which  confirms  equations  (18) 
and  (17)  as  approximations  for  ice  surface  temperature. 


Since  both  ice  thickness  and  salinity  vary  in  time,  it  is  possible 
to  establish  a  relationship  between  the  two.  An  approximation 
for  the  change  in  ice  thickness  (Cammaert  and  Muggeridge,  1988) 
is  Stefan’s  equation  in  the  form 

h  =  C't{T„-T,)'l^  (12) 

t=t 

where  h  is  ice  thickness  in  meters,  7'„  is  the  freezing  point  of  sea 
ice  (  —1.8°  C  )  and  7’a  is  mean  daily  air  temperature.  Replacing 
7’a  with  an  average  value  for  the  winter  months  of  the  Arctic  of 
about  —20°  C  gives 

h  =  (i3) 

where  ho  is  a  constant  equal  to  10.6  cm  and  t  is  time  in  days. 
Nakawo  and  Sinha  (1981)  found  that  surface  salinities  are  about 
12  parts  per  thousand  (ppt)  after  initial  freezing  and  drop  about 
0.5  ppt  pet  month  thereafter.  Therefore 


A  power  law  approximation 

The  relationship  between  returned  radar  power  and  ice  thickness 
is  obtained  by  combining  equations  (7),  (8),  (9),  (10),  (15)  and 
(17).  Results  for  SLAR  imagery  of  the  Beaufort  Sea  and  the 
OCRS  signature  data  (Table  1)  are  plotted  in  Figures  1  and  2. 
In  both  cases  the  exact  curves  are  well  approximated  by 

|7i(0r)l"  =  ro-fr,h'’  (19) 

where  ro,  rj  and  /3  are  constants. 

Substituting  equation  (19)  into  equation  (6)  gives 

s  =  So  d*  S|/i^  (20) 

Table  2:  Linear  regression  of  ice  surface  temperature  on  snow 
surface  temperature  for  the  Maykut-Untersteiner  model  (from 
Comiso,  1983) 


S  =  So-kl  (14) 

where  5  is  salinity  in  ppt.  So  is  initial  salinity,  k  is  0.5  ppt/montli, 
and  t  is  time  in  months.  Combining  these  two  equations  gives 

S  =  5o-fc(/i/Ao)’  (15) 


The  relationship  between  temperature  and  Ihirkness  involves 
some  assumptions  about  the  temperature  gradients  through  the 
ice  and  snow  and  at  the  air/snow  interface.  The  heat  transfer 
mechanisms  at  the  snow  surface  are  primarily  convection  and 
radiation  whereas  the  transfer  through  each  material  is  by  con¬ 
duction.  The  boundary  condition  at  the  ice/water  ini  face  is  the 
melting  point  of  ice,  Tm,  and  at  the  top  of  the  air/snow  boundary 
layer  is  T’j,  the  ambient  air  temperature. 

The  temperature  gradient  across  the  air/snow  interface  does 
not  appear  to  be  large.  Maykut  and  Untersteiner  (1971),  using  a 
rigorous  radiation  model,  found  that  predicted  snow  surface  tem¬ 
peratures  were  within  2°C  of  measured  air  temperatures.  Nakawo 
and  Sinha  (1981)  were  able  to  model  field  measurements  of  snow 
and  ice  temperature  profiles  by  assuming  the  surface  tempera¬ 
ture  of  snow  and  air  temperature  were  the  same.  Therefore,  by 
equating  heat  flux  through  the  snow  layer  with  heat  flux  through 
the  ice, 

!l±(Z-T,)=^(T.-Tm)  (16) 

where  k,  and  k,  are  the  thermal  conductivities  of  snow  and  ice,  h, 
and  hi  are  the  thicknesses  of  snow  and  ice,  and  T,  is  the  surface 
temperature  of  the  ice. 

Solving  equation  (16)  for  T,  gives 


T,= 


k.^Tc  +  kiTm 

ki-kk,^ 


(17) 


Season 

Linear  fit 
parameters 
a  b 

Months  used  in  fit 

Spring 

0.524 

126.656 

Dec.,Jan.,Feb.,Mar. 

Summer 

0.533 

126.735 

Mar., Apr., May,  Jun. 

Fall 

0.513 

132.306 

Jun.,Jul.,Aug.,Sep. 

Winter 

0.669 

93.214 

Sep.,Oct.,Nov.,Dec. 

Tg  —  oT;  -f-  6 


Results  and  conclusions 

Equation  (20)  is  a  parametric  relationship  between  s  and  h.  The 
values  of  Jo>  ■»!,  end  /?  will  vary  from  image  to  image  but  they 
can  be  readily  determined  from  a  minimum  of  signature  informa¬ 
tion.  Figure  3  shows  the  best  fit  of  equation  (20)  to  the  first-year 
signatures  for  SLAR  imagery  of  the  southern  Beaufort  Sea  used 
by  Soulis  et  al  (1987).  The  data  points  used  in  the  calibration 
correspond  to  the  mean  thickness  and  backscatter  for  the  two 
undeformed  first-year  ice  types  identifiable  in  the  imagery.  The 
grey-level  value  at  the  thickness  that  separates  the  classes  was 
taken  as  the  grey-level  at  which  either  class  was  equally  likely. 
Similarly,  Figure  4  shows  the  best  fit  to  the  OCRS  data  set  (Ta¬ 
ble  1). 

Both  curves  have  the  shape  predicted  in  Figures  1  and  2. 
This  supports  the  use  of  equation  (20)  as  a  basis  for  interpreting 
the  thickness  of  uiideformed  young  and  first-year  ice  on  radar 
imagery. 
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Figure  3:  Grey-level  verrut  ice  thickness  for  the  Beaufort  Sea 
SLAR  imagery 


Figure  4:  Backscatter  versus  ice  thickness  for  the  OCRS  data  set 
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Abstract 


Spatial  variation  in  tlic  reflected  radiance,  leferred  tojis  texture,  which  ibohseiced  hj  an  aiihoine  m-iisoi  o\ei 
a  forest  canopy  contains  valuable  information.  This  information  relates  to  the  canopy's  physical  inoiphulugical 
paiarneters  such  as  tree  species,  height,  biomass,  spacing  and  canopy  shape.  Human  hiteipjeteis  have  been 
highly  successful  in  providing  estimates  of  such  physical  parameters  from  te.xtural  infoimation  of  air  photos. 
However,  the  development  of  textural  analysis  of  digital  imagery  in  remote  sensing  aj.plied  to  forcstiy  is 
currently  at  a  relatively  primitive  stage.  Future  application  of  high  resolution  remote  sensing  images  to  forest 
canopies  may  be  dependent  on  the  development  of  models  and/or  algorithms  to  nosisl  in  e.xtiaclioii  of  canojjy 
parameters  and  spectral  scene  classification. 

This  lesearch  consists  of  a  comprehensive  study  of  the  influencing  parameters  of  a  foiestiy  scene  at  high 
spatial  resolution.  Utilizing  a  gcometric/optical  approach,  a  canopy  radiance  model  is  foiiinilated  in  oidei 
to  explore  the  relationship  between  image  radiometric  texture  and  canopy  physical  paianieteis.  The  geoiiiet- 
ric/optical  model  assumes  a  hierarchy  of  primary  and  sccondaiy  influencing  factors.  The  ininiaiy  gc-onietiical 
parameters  of  influence  are:  the  tree  shape,  the  pixel  dimension,  the  sou: ..  and  the  viewing  diicction  in  ad¬ 
dition  to  optical  characteristics,  such  as  the  amount  of  collimated  and  diffuse  sky  illumination,  the  leflectnity 
and  transmissivity  factors,  and  the  iirojccted  and  mutual  shading.  Secondary  parameters  of  influeiicu  modelled 
include  the  light  penetration  in  the  canopy,  a  more  reflned  evaluation  of  the  dilTuse  sky  illuniiiiation,  and  the 
r.uliance  from  surrounding  pixels  in  the  scene.  A  modelled  image  can  then  be  generated  from  the  lecoiistituted 
scene  by  taking  these  factors  of  influence  into  account.  The  textural  model  featuies  which  best  pioduce  the 
variance  of  the  image  radiance  patterns  have  been  investigated  through  the  e.caiiiinatioii  of  aiiboiiie  iiiiageiy 
compared  to  the  modelled  texture. 


Keywords:  canopy  model,  canopy  parameters,  forestry, 

gcometric/optical  model,  radiance  patterns 


The  availability  of  liigli  rcbolution  images  gives 
rise  to  new  perspectives  in  the  field  of  inteipicta- 
tion  of  remote  sensing  images.  This  wo.k  foetises 
on  the  influence  of  forest  canopy  paiameteis,  and 
their  modelling,  on  the  assc.ssment  of  the  imiame- 
ters’  importance  in  the  resulting  radiance  pattet  us 
of  remote  sensor  imagery.  The  investigation  of  the 
canopy  scene  features  are  highly  relevant  to  improv- 
ing  tlif'  nf  infonncitio!!  in  coHoctofl 

The  pixel  size  assumed  in  the  following  research  is 
typically  0.5  m,  but  may  vary  by  about  a  factor 
of  three.  Such  spatial  resolution  comes  about  be¬ 
cause  airborne  sensors  provide  imagery  at  that  res¬ 
olution,  and  the  extraction  of  important  canopy  pa¬ 
rameters  is  expected  to  be  optimized  at  that  scale 


(maximum  spatial  coverage  with  maximum  infoi¬ 
mation  retrieval).  The  understanding  of  canopy 
parameters’  influence  remains  at  a  piimitivc  stage. 
The  complexity  of  forest  canopies  in  their  archi¬ 
tecture  and  their  various  environments  makes  the 
task  arduous.  In  fact,  the  shapes  and  the  spectral 
responses  within  a  foiest  scene  vary  drastically,  at 
this  resolution. 

We  propose  to  approacii  liie  probiem  from  a  liie- 
oretical  and  deterministic  perspective.  This  ap¬ 
proach  consists  of  building  a  3-dimcnsional  model, 
which  contains  the  necessary  geometrical  and  op¬ 
tical  assumptions  to  reproduce  a  scene  in  its  prin¬ 
cipal  characteristics.  The  geometrical  reproduction 
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of  the  scene  allows  the  quantification  of  the  model’s 
variables  as  close  as  possible  to  their  physical  rep¬ 
resentation.  A  good  geometric  representation  will 
determine  the  effectiveness  of  the  model  implemen¬ 
tation.  The  radiometric  interactions  are  applied 
individually  in  hierarchical  order  so  that  each  con¬ 
tribution  to  the  resulting  radiance  pattern  can  be 
distinguished.  The  development  of  the  geometri¬ 
cal/optical  model  im’olves  the  elaboration  of  its  ba¬ 
sic  structure  at  two  levels.  First,  the  geometric  rep¬ 
resentation  of  the  modelled  scene  relies  on  certain 
considerations: 

•  each  individual  tree  (refered  to  as  scene  ob¬ 
ject)  or  species  will  have  a  distinctive  mathe¬ 
matical  expression  to  represent  its  geometrical 
shape.  The  variables  embedded  in  the  algebric 
formulation  will  directly  express  the  important 
physical  canopy  parameters,  such  as  the  tree’s 
height,  base  diameter  and  overall  shape, 

•  the  placement  of  each  individual  represented 
object  builds  the  scene, 

•  the  forest  canopy  is  represented  as  a  grid  cover¬ 
ing  the  modelled  trees.  The  distance  between 
each  point  of  the  grid  is  directly  correlated 
with  the  pixel  dimension.  Therefore,  the  ba¬ 
sic  model  element  becomes  the  grid’s  polygons 
which  can  be  directly  related  to  the  image’s 
pixels,  and 

•  the  vectorization  of  the  polygon  normal,  sun 
and  point  of  view  which  represent  the  geomet¬ 
rical  directions  of  importance. 

Secondly,  the  optical  aspects  of  the  model  de¬ 
velopment  are  dependent-  on  the  above  geometrical 
considerations.  A  list  of  primary  factors  of  influ¬ 
ence  would  thus  contain  the: 

•  specification  of  the  illumination  characteristic<; 
(direct  and  diffuse)  for  each  modelled  pixels, 

•  evaluation  of  the  shadowed  pixels, 

•  spectral  response  of  each  modelled  object  con¬ 
sidered  in  terms  of  the  selected  wavelength  and 
the  relevant  vectors’  direction. 

The  secondary  factors  of  influence  result  in  more 
subtleties  in  the  variance  of  the  radiance  textural 
pattern.  The  decision  to  choose  these  factors  is 
based  on  consideration  of  literature,  coupled  with 
logical  inference.  Thus  it  was  decided  to  model  the 
effects  of  the: 

•  light  penetration  in  the  canopy. 


•  viewed  portion  of  the  sky  to  correct  the  re¬ 
ceived  diffuse  irradiance  at  each  modelled  pixel, 

•  radiance  reflected  from  other  points  of  the  scene. 

Due  to  ])ractical  constraints,  certain  assumjrtions 
are  made  to  reduce  the  complexity  of  the  processes 
implemented.  These  assumptions  are  primarily  made 
for  the  modelling  of  the  secondary  parameters  of  in¬ 
fluence. 

Tree  Shape 

The  first  modelling  consideration  involve  the  ge¬ 
ometrical  representation  of  the  basic  component  of 
a  forest,  the  tree.  A  flexible  mathematical  expres¬ 
sion  is  required  to  deal  with  the  wide  variety  of  tree 
shapes  present  in  a  forest  canopy.  The  generation 
of  geometrical  tiees  relies  initially  on  an  equation 
which  calculates  height  values  in  terms  of  the  in¬ 
put  basic  geometric  tree  parameters.  A  modified 
version  of  the  simple  equation  suggested  by  Horn 
(1971)  is  convenient  for  the  representation  of  tree 
shapes.  It  basically  expresses  the  transverse  section 
of  the  shape  in  the  vertical  and  in  one  horizontal 
plane  which  can  be  visualized  as  the  cross-section 
of  a  tree.  Adopting  cylindrical  3-dimensioual  carte¬ 
sian  coordinates,  where  z  represents  the  vertical 
axis,  the  four  parameters  are  related  by  the  equa¬ 
tion: 

z  =  +  (c“  -  (6a:)“)‘/“  (1) 

Here  the  variable  x  can  be  replaced  by  y  because 
shape  symmetry  in  the  horizontal  plane  is  assumed 
at  this  point.  Each  of  the  constants  n,  b  and  c  ex¬ 
presses  a  different  physical  parameter.  The  param¬ 
eter  a  defines  the  convexity  of  the  line  representing 
the  tree  shape  in  a  vertical  plane  such  a  straight 
line,  a  convex  or  a  concave  curve  can  be  generated 
as  a  takes  on  a  value  equal  to,  greater  than,  or  less 
than  unity,  respectively.  The  acceptable  values  for 
a  range  from  almost  0  to  a  value  near  10,  at  which 
point  the  resulting  curve  takes  the  shape  of  a  square 
function.  Parameter  b  expresses  the  ratio  of  tree 
height  to  width  (from  the  center  to  the  maximum 
vertical  extension).  The  third  parameter  c,  is  the 
tree  height  from  the  maximum  horizontal  extension 
to  its  summit.  The  maximum  horizontal  extension 
of  the  tree,  y^ax  or  x,„ax,  is  expressed  as  the  simple 
ratio  of  c/6.  In  order  to  represent  the  height  of  the 
branching  structure  above  the  ground,  it  is  conve¬ 
nient  to  consider  a  reference  height  (zre/)  from  the 
ground  to  the  point  where  the  tree  is  maximally 
extended  horizontally.  Accordingly,  the  variable  z 
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Figure  1;  Example  of  a  3-dimensional  surface  representation  of  a  modelled  scene  which 
include  a  variety  of  tree  geometries. 


represents  the  tree’s  vertical  height  with  rebi)cct  to 
ground  level. 

When  rotated  about  the  vertical  axis  at  a  given 
angular  interval,  the  curve  generated  by  the  Equa¬ 
tion  1  -  which  is  the  tree  profile  in  two  dimensions 
(horizontal  and  vertical)  -  generates  a  cylindrically- 
symetrical,  3-dimensional  object.  Rirthcrrnore,  this 
equation  provides  a  flexible  tree  geometry  represen¬ 
tation  with  only  four  significant  parameters.  As 
shown  in  Figure  1,  the  object  cross-section  gen¬ 
erated  by  the  Equation  1  is  integrated  into  a  3- 
dimensional  surface.  The  resultant  scene  therefore 
appears  as  a  grid,  or  mesh  containing  the  trees 
which  reveal  their  shape  at  the  tips  of  their  branches. 
The  application  of  this  mathematical  expression  re¬ 
quires  the  generation  of  the  typical  and  extreme 
values  of  the  parameters  a,  b,  c  and  Zref  for  differ¬ 
ent  species  and  environments. 

Scene  Geometry 

E)^ch  of  tlio  ins.tiiG!ii8.ticftllY“clGfi!iocl  is  rep’ 
resented  on  a  3-dimensional  axis  system.  The  hori¬ 
zontal  sampling  points  are  regularly  spaced  follow¬ 
ing  a  grid  where  the  mesh  is  directly  associated 
with  the  selected  spatial  resolution.  A  Hue  seg¬ 
ment  joins  each  point  to  its  adjacent  x  and  y  value 
to  form  polygons  with  diverse  orientations.  These 


polygons  can  be  considered  as  the  model!  ■ pixel’s 
boundary.  The  shadowed  pixels  can  be  evaU  'id  at 
that  stage,  since  all  the  necessary  geometrical  con¬ 
siderations  are  present.  By  utilizing-  the  direction 
of  the  sun’s  vector,  two  distinct  types  of  shadowing 
can  be  specified: 

1.  Shadowing  on  a  generated  object  due  to  sun 
location  and  polygon  orientation, 

2.  Shadowing  due  to  a  mutual  masking  of  poly¬ 
gons  in  the  scene. 

The  final  scene  radiance  is  characterized  by  con¬ 
trasting  shadowed  zones  Sinee  move  variability  in 
the  radiance  pattern  is  usually  observed  between 
shadowed  and  non-shadowed  areas  of  an  imagery, 
three  subroutines  representing  secondary  parame¬ 
ters  of  influence  have  been  introduced.  As  a  re¬ 
sult,  more  continuous  radiance  values  are  gener¬ 
ated  at  the  boundary  between  the  shadowed  and 
non-shadowed  polygons. 

Interaction  Radiation/Canopy 

Both  tree  and  scene  background  signatures  are 
associated  with  the  modelled  elements  composing 
the  scene,  therefore,  they  are  assigned  a  particu¬ 
lar  reflectivity  coefficient  (or  albedo)  at  a  selected 
wavelength.  Lambertian  reflective  properties  are 
often  attributed  to  forest  canopy  and  leaves/needles; 


im 


The  final  radiance  from  the  modelled  element  is 
a  consequence  of  three  distinct  processes.  The  most 
important  process  is  the  reflected  insolation  (I/), 
which  includes  the  direct  and  diffuse  components  of 
the  incoming  irradiance.  The  two  other  processes 
are  the  radiances  issued  from  the  transmitted  flux 
within  trees  (Tr),  and  the  reflected  flux  from  sur¬ 
rounding  surfaces  (Ls)-  The  total  radiance  at  an 
element  {LEitm)  is  therefore  the  simple  algebric  sum 
of  these  three  components: 

LEUm  =  Li-Y  Lt  -h  Ls  (2) 

The  implementation  of  this  canopy  model  is  de¬ 
pendent  on  the  cumulative  effect  of  various  geomet¬ 
rical/optical  factors.  The  model  initially  simulates 
the  rough  radiance  pattern,  expected  from  a  geo¬ 
metrical/optical  point  of  view,  using  basic  parame¬ 
ters.  These  primary  canopy  parameters  of  influence 
are  expressed  by  the  tree  geometry,  the  scene  ge¬ 
ometry,  and  the  radiation/canopy  interaction  with 
respect  to  the  spectral  irradiance  of  a  collimated 
source.  Secondary  parameters  are  also  considered, 
allowing  for  a  more  accurate  explanation  of  the 
variability  in  the  observed  radiance  patterns.  A- 
mong  these  factors  are:  1)  the  radiation  penetra¬ 
tion  in  the  canopy,  2)  an  estimate  of  the  diffuse  radi¬ 
ation  influences,  and  3)  the  inter-pixel  radiance  pro¬ 
cesses.  The  distinction  between  primary  and  sec¬ 
ondary  parameters  of  influence  is  based  upon  their 
relative  importance  in  relation  to  the  modelling  im¬ 
plementation  and  to  the  interaction  between  the 
incoming  radiation  and  the  forest  canopy. 

Correlation  Model/Sensor  Images 

Prom  the  inspection  of  the  modelled  and  sen¬ 
sor  images,  the  overall  radiometric  patterns  appear 
to  correspond  reasonably  well.  The  general  shape 
of  the  bright  and  shadowed  zones  match  the  pat¬ 
terns  suggested  by  the  implementation  of  the  pri¬ 
mary  factor  of  influence,  i.e.  the  croissant  shape 
of  the  brighter  area  and  a  shadowed  area  starting 
roughly  from  the  top  of  the  tree,  expanding  in  a 
V  shape  in  the  direction  of  the  sun  rays  and  creat¬ 
ing  a  large  dark  area  on  the  background,  dependent 
on  the  tree  surface  masking  of  the  collimated  irra¬ 
diance.  Some  secondary  radiometric  features  also 
corroborate  the  effects  of  the  secondary  parameters 
of  influence  modelled.  The  light  penetration  def¬ 


initely  influences  the  observed  radiometric  values 
at  the  extremity  of  the  shadowed  areas  and  at  the 
interface  between  the  tree  bright  and  dark  areas. 
The  contribution  from  the  surrounding  aieas  ap¬ 
pears  significant,  as  predicted  by  the  model.  This 
contribution  of  radiance  makes  the  shadowed  aiea 
on  the  tree  and  on  the  background  near  the  tree 
slightly  lighter  than  other  dark  areas  farther  from 
the  tree’s  influence.  This  feature  can  almost  cer¬ 
tainly  be  attributed  to  the  contribution  of  neigh¬ 
bouring  pixels,  since  the  sensor’s  radiance  patterns 
show  the  same  tendencies  as  the  modelled  radiances 
on  these  areas.  The  effect  of  the  adjustment  of  the 
portion  of  sky  viewed  at  each  pixel  is  not  clearly 
apparent  in  the  sensor  image. 

The  modelling  of  the  tree  geometry  as  a  simple 
object,  as  it  is  done  in  the  actual  model,  has  its 
limits  ill  the  reproduction  of  the  radiance  pattern 
of  a  real  sensor  image.  The  results  from  the  sim¬ 
ulation  suggest  that  efforts  should  be  made  in  im¬ 
proving  the  representation  of  the  tree  architecture 
before  futher  attempts  at  improving  the  algorithms 
describing  the  parameters  of  influence. 

The  geometrical/optical  model,  as  it  is  now  im¬ 
plemented,  provides  an  excellent  opportunity  to  in¬ 
vestigate  the  factors  of  influence  and’  to  simulate  a 
wide  variety  of  forest  canopy  configurations.  Im¬ 
provements  are  presently  being  investigated  w'hich 
address  the  present  model  weaknesses.  The  model 
modularity  will  permit  modification  in  both  the 
number  and  description  of  parameters  of  influence. 
Th**  model  could  be  adapted  to  other  applications, 
like  terrain  or  urban  modelling. 
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ABSTRACT 

The  usefulness  of  airborne  scanner  data  flown  without  inertial  plat¬ 
form  navigational  information  is  severely  affected  because  of  the 
uncontrolled  geometry.  Also  radiometric  conrecdons  require  a  stable 
geometry,  therefore  special  attention  had  to  be  given  to  careful 
specific  preprocessing  steps.  A  precise  approach  was  necessary 
because  of  the  heterogeneity  of  the  forest  stands  in  our  testsite  as 
well  as  the  hilliness  of  the  terrain. 

Using  ground  control  points,  a  simulation  of  the  flight  path  could  be 
calculated.  A  digital  elevation  model  then  allowed  for  geometric  cor¬ 
rection  of  the  scanner  data.  Simultaneously,  aspect  and  slope  infor¬ 
mation  from  the  digital  terrain  model  was  used  to  radiometrically 
correct  terrain  induced  illumination  variations. 

These  preprocessing  steps  were  considered  imperative  prior  to  a 
multispectral  analysis  of  the  data  for  forest  damage  assessment. 

Keywords;  Airborne  MSS  data,  preprocessing,  forest  damage,  geo¬ 
metric  corrections,  radiometric  corrections,  digital  elevation  model. 


periments  were  panicularly  successful  (Kadro  et  al.,  1985).  In  large 
homogeneous  monoculture  forest  stands,  in  flat  terrain  only,  useful 
results  were  achieved.  But  hilly  terrain,  asking  for  geometric 
corrections  and  associated  radiometric  control  was  another  case. 
Moreso,  in  a  typical  Swiss  forest  environment,  the  small  scale  vari¬ 
ability  within  the  forest  caused  difficulties  in  assessing  the  treetype' 
specific  damages.  Because  in  Switzerland  forest  damages  in  pre- 
alpine  and  alpine  areas  are  of  prime  interest,  a  study  was  carried  out 
to  try  to  precisely  correct  airborne  scanner  data  for  geometric  and 
radiometric  effects  before  the  assessment  of  the  damage  itself. 

Of  course,  much  literature  can  be  found  on  various  aspects  of  pre¬ 
processing  and  processing  of  forestry  airborne  multispectral  scanner 
data.  But  if  corrections  have  been  performed  at  all,  very  rarely  geo¬ 
metric  and  radiometric  corrections  were  applied  simultaneously.  A 
specific  problem  arose  in  our  tests,  because  no  navigational  control 
data  from  an  INS  was  available  from  the  flights.  Therefore  a 
methodology  had  to  be  developed  for  such  specific  cases. 

2.  PROCEDURE 


1.  INTRODUCTION 


Forest  damage  is  a  visual  effect  of  man  induced  and  natural  factors 
affecting  our  environment  The  study  of  this  forest  damage  and  its 
dynamics  over  time  may  answer  questions  on  causes  of  the  whole 
problem.  A  first  step  is  certainly  an  inventory  and  classification  of 
tne  damages.  This  in  most  european  countries  is  achieved  through 
the  interpretation  of  false  color  infrared  aitphotos.  A  second  problem 
is  the  continous  surveillance  of  the  development  and  dynamics  of  the 
dutiiugcs,  which  necessitates  large  investments.  Attempts  to  auto- 
mize  some  of  the  procedures  have  to  be  discussed. 


Parallel  to  the  first  operational  forest  damage  assessments  with  air¬ 
photo  interpretation,  tests  of  utilizing  airborne  multispectral  scanners 
were  conducted.  These  should  provide  a  basis  for  later  applications 
of  spaceborae  techniques,  using  for  instance  Landsat  or  SPOT  type 
data  for  the  monitoring  task.  One  cannot  say,  that  those  early  ex- 


On  29  August  1985  our  testsites  in  nonhwestem  Switzerland  were 
flown  with  a  tandem  configuration  of  2  Bendix  M2S  Multispectral 
Scanner  Systems  by  DLR  (the  German  Aerospace  Research  Estab¬ 
lishment).  One  testsite  in  a  flat  valley  bottom  served  for  forest  stand 
and  damage  classification,  whereas  our  second  testsite  covered  hilly 
terrain,  and  was  meant  for  the  assessment  of  geometric  and  radio- 
metric  correction  procedures.  The  2.17  mrad  system  allowed  for  6.3 
to  6.9  m  ground  resolution  cells.  Two  scanners  were  used  in  paral¬ 
lel  to  simulate  with  the  additional  bands  the  spectral  characteristics  of 
the  Landsat  Thematic  Mapper.  As  a  consequence  2  differing  optics 
pioduted  the  data,  liierefuii;  differem  cuireciiuii  factors  were  neces¬ 
sary  for  each  system.  Tests  with  the  data  of  the  second  scanner 
which  incorporated  Thematic  Mapper  Simulation  channels  5  and  7 
revealed,  that  due  to  transmission  errors,  those  bands  could  not  be 
used. 

As  a  first  .systematic  step,  the  image  data  was  corrected  for  sensor 
related  radiometric  effects.  Every  60th  scaniine  showed  erraneous 


2375 


information  and  had  to  be  replaced  by  averaging  values  from  the  Therefore  a  map  ground  range  (aO  is  calcultated  from  the  assumed 

neighbouring  lines.  Pixel  numbers  in  different  bands  were  not  flight  posidon  for  each  passpoint  as  follows; 

matching  due  to  shifts.  They  had  to  be  individually  adjusted. 

ai 

Based  on  1  :  5000  scale  base  maps  a  digital  terrain  model  was 
formed  using  digitizing  equipment  and  the  ARC/Info  software  ai  =  ground  range  (map  based) 

package.  A  5  m  grid  size  was  chosen  for  x  and  y.  A  height  resolu-  (}i  =  heading 

tion  of  1  m  was  selected  because  total  test  area  height  differences  uq,  v©  =  intercept 

amounted  to  250  m.  ui,  vj  =  map  coordinates  of  ground  control  point 

From  the  digital  elevation  model,  the  corresponding  values  for  as-  The  best  possible  positioning  of  the  flight  path  is  obtained  through 

pect  and  slope  angle  were  derived,  as  well  as  a  synthetic  illumination  minimizing  the  RMS  difference  between  the  calculated  ground 

calculated  according  to  the  dme  of  the  overflight.  ranges  in  map  and  in  image  space.  Initial  values  for  flying  height, 

heading  and  intercept  (origin  of  flight  path)  are  thus  corrected. 

Geometric  distortions  inherent  in  airborne  multispectral  scanning 

may  prevent  a  useful  information  extraction.  The  three  principal  In  a  second  step  the  flying  speed  is  determined  with  the  linear  func- 
factors  governing  those  distortions  are:  don; 

-  the  scanning  manner  itself  line#  =  f(d)  (3) 

-  the  instability  of  the  platform 

-  the  topography  d  =  distance  along  flight  path  (see  Fig.2) 


tantf)  X  Ui  -  Vi  +  vo  -  tantfi  x  Un 


Fig.l  shows  the  effect  of  topography  and  viewing  angle  on  the 
sideways  distortion.  It  may  be  consulted  for  the  discussion  on 
whether  a  digital  elevadon  model  should  be  used  to  correct  the  geo¬ 
metry  or  not.  If  it  is,  as  in  our  case,  necessary,  a  rubbersheet 
stretching  approach  using  passpoints  and  interpolation  techniques  is 
clearly  not  feasible. 


Through  a  backward  transformation,  taking  into  account  the  flight 
path  parameters  and  the  speed  function,  every  output  pixel  (in  the 
elevation  model)  is  assigned  to  an  image  pixel.  Subsequent  geo¬ 
coding  is  performed  using  a  nearest  neighbour  algorithm.  Thus  the 
data  is  corrected  for  panoramic  distortions  as  well  as  for  errors  due 
to  the  topography. 


Gutndon  (1980)  proposes  as  a  first  step  a  simulation  of  the  flight 
path  of  the  airaaft.  The  following  assumptions  are  made; 

-  constant  flying  height 

-  the  flight  path  is  regarded  as  a  straight  line 

-  roll,  pitch  and  yaw  are  in  a  first  attempt  neglected 

-  the  true  airspeed  is  a  constant 

As  in  other  approaches  ground  control  points  are  chosen  which  are 
easily  discernible  in  the  sanner  image  as  well  as  in  the  maps.  Their 
image  coordinates  (p,l),  map  coordinates  (u,v),  and  elevation  (H) 
are  retained.  For  each  passpoint  pair  the  image  based  ground  range 
(gi)  is  calculated  according  to  the  following  form; 

.  «  (No  -  2pi  +  1) 
gi  =  (hM  -  Hi)  X  tanGmax  x - 

gi  =  ground  range  (image  based) 

hM  =  flying  height 

Hi  =  elevation  of  ground  control  point 

emax  =FOV 

No  =  pixels  per  scan  line 

pi,  li  =  image  coordinates  of  ground  control  point 

The  flight  path  in  map  space  should  be  a  tangent  to  all  circles  with 
centers  (u,v)  and  radii  (gi)  as  shown  in  Fig.2.  Because  the  assump¬ 
tion  of  the  flight  line  to  be  a  straight  line  cannot  strictly  be  main¬ 
tained,  we  have  to  iteratively  calculate  a  best  possible  solution. 


First  accuracy  tests  in  overlaying  a  digitized  street  network  onto  the 
image  showed,  that  due  to  crosswind  during  the  flight,  a  yaw  cor¬ 
rection  has  also  to  be  considered.  The  correction  algorithms  were 
therefore  modified,  implementing  now  a  constant  yaw  factor.  The 
improvement  is  demonstrated  in  Fig.3. 

Concurrent  to  the  geometric  correction,  radiometric  errors  should 
also  be  reduced.  Radiometric  correction  algorithms  have  to  take  into 
account  the  precise  local  incidence  angle.  This  possibility  is  lost  after 
the  geometric  corrections  (Woodham,  1985).  Teillet  (1985)  states 
three  conditions  for  a  precise  radiometric  correction: 

-  the  data^should  be  radiometrically  calibrated 

-  an  atmospheric  model  should  be  available 

-  models  should  exist  for  the  reflective  characteristics  of 
all  objects 

In  this  test,  the  first  two  conditions  had  to  be  neglected  because  the 
information  was  missing.  Therefore,  topographically  induced  illu¬ 
mination  variations  only  were  corrected.  We  applied  a  cosine  cor¬ 
rection  to  the  data  according  to  aspect  and  slope  factors  from  the 
digital  terrain  model.  This  procedure  is  recommended  whenever  at¬ 
mospheric  and  object  specific  correction  factors  are  missing. 

An  atmospheric  model  as  well  as  path  lenght  corrections  had  been 
tested  in  a  previous  campaign  (Staenz  et  al,  1987). 
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The  combination  of  the  knowledge  of  the  flight  path  with  the  digital 
terrain  model  allows  for  the  calculation  of  zones  in  shadows.  We 
have  to  differenciate  between  three  types  of  shadows:  sun  shadows, 
sensor  shadows  and  object  shadows.  We  recommend  to  mask  out 
all  zones  of  shadows  for  separate  treatment  in  classification.  Areas 
in  sensor  shadows  of  course  cannot  be  analyzed  at  all. 

3.  RESULTS 

Multispectral  digital  scanner  data  can  be  considered  geometrically 
corrected  when  they  have  been  transformed  into  a  defined  ground 
coordination  system  with  a  controlled  error  tolerance.  Though  there 
are  many  ways  of  describing  the  precision  of  such  transformations, 
as  for  instance  "mean  locational  errors  of  passpoint  pairs"  (see 
Tab.l),  these  measures  allow  only  a  local  error  assessment.  To  be 
able  to  get  a  feeling  on  the  remaining  errors,  a  digitized  street  net¬ 
work  was  overlaid  onto  the  data.  This  allowed  for  a  visual  control  of 
the  fit  of  the  corrections. 

A  comparison  with  an  overall  correction  using  just  an  affine  trans¬ 
formation,  showed  drastically  the  superiority  of  the  chosen  ap¬ 
proach. 

The  radiometric  correction  that  we  performed  is  only  a  first  step. 
However  it  may  be  very  difficult,  if  not  impossible,  to  correct  for 
each  tree  types'  individual  reflective  characteristic. 

The  final  classification  step  was  up  to  now  only  tested  in  our  second 
"flat  terrain"  testsite.  It  revealed,  that  given  the  ground  resolution 
cell  of  approx.  3.5  m  and  the  mixture  of  the  tree  types  within  a 
stand,  only  very  rough  separations  of  major  stands  could  be 
achieved  as  shown  in  Fig,4. 

A  heavy  influence  of  the  object-specific  shadow  was  noted,  which 
necessitated  masking  and  restriction  of  the  analysis  to  the  center  strip 
of  the  image  data: 

The  classification  was  performed  using  a  hierarchical  binary  deci¬ 
sion  tree,  which  reduced  the  decision  rules  to  density  slicing  (DS)  of 
various  synthetic  variables.  These  were  obtained  in  part  after  pre¬ 
treatment  of  the  data  with  "edge  preserving  smoothing"  (EPS)  and 
region  growing  (IS),  (Meyer,  1988).  The  variables  used  are  shown 
in  Fig.4. 

All  image  preprocessing  and  processing  was  performed  on  a  DIPIX 
Aries-II  image  analysis  system.  Special  software  was  developed  at 
the  Remote  Sensing  Laboratories. 


For  any  application  of  airborne  multispectral  scanners  in  hilly  ter¬ 
rain,  where  a  minimum  of  geometric  reliability  has  to  be  reached, 
high  precision  INS  data  as  well  as  toll  and  yaw  compensation  ele¬ 
ments  have  to  be  recorded  simultaneously  to  the  multispectral  data 
gathering. 

It  has  been  shown  how  airborne  multispectral  scanner  data  can  be 
geometrically  and  radiometrically  corrected  for  an  application  in  hilly 
terrain.  In  the  parallel  test  of  the  applicability  of  such  data  with  even 
higher  resolution  to  forest  damage  assessment  however,  only  ratlier 
broad  forest  stand  classifications  were  achieved.  Tliis  may  lead  to 
the  conclusion,  that  only  in  monoculture  forest  stands,  damage  as¬ 
sessment  through  multispectral  data  analysis  can  be  successful. 

5.  REFERENCES 

1 .  DIPIX  SYSTEMS  LTD,  ARIES  SYSTEMS  Users  Manual, 

Part  1, 11,  III,  Aries  Version  4.0,  Canada,  1989. 

2.  Guindon,  B.,  "Integration  of  MSS  and  SAR  data  of  forested 

regions  in  mountainous  terrain".  Proceedings  of  the  14(th) 
International  Symposium  on  Remote  Sensing,  Winnipeg, 
pp  1673-1690, 1980. 

3.  Jansa,  J.,  "Rektifizierung  von  Multispektral-Scanneraufnah- 

men",  Geowissenschaftliche  Mitteilungen,  Technical  Uni¬ 
versity  of  Vienna,  No.24,  Vienna,  1983. 

4.  Kadro,  A.  &  Kunz,  S.,  "Ergebnisse  computergestUtzter 

Waldschadcnerhebungen  mit  Multispektralscannerdaten", 
ISP-lUFRO-Symposium,  Zurich,  pp  179-182,  1985. 

5.  Meyer,  P.,  DIPIX-Memo  No.20,  Dept,  of  Geography,  Uni¬ 

versity  of  Zurich,  1988. 

6.  Rose,  A.,  "Entzerrung  von  Scannerbildern  mit  PrSdikdonsan- 

sStzen",  Verlag  der  Bayerischen  Akademie  der  Wis- 
senschaften,  Ph.D.,  Reihe  C,  No.303,  Munich,  1984. 

7.  Staenz,  K.  &  Meyer,  P.  &  Itten,  K.  I.,  "Viewing  angle  cor¬ 

rections  of  airborne  multispectral  scanner  data  acquired 
over  forested  surfaces",  Proceedings  of  IGARSS'86  Sym¬ 
posium,  Zurich,  pp  671-676, 1986. 

8.  Teillet,  P.M.  &  Guindon,  B.  &  Goodenough,  D.G. ,  "On  the 

Slope-Aspect  Correction  of  Multispectral  Scanner  Data", 
Canadian  Journal  of  Remote  Sensing,  Vol.8,  No.2,  pp  84- 
106,  1982. 

9.  Teillet,  P.M.,  ''Reflexions  sur  la  Correction  Radiomduique 

des  Images  en  Tdiedetection",  Proceedings  of  the  Fifth 
Congress  of  the  "Association  Quebecoise  de  Teied6tec- 
tion",  Chicoutimi,  Quebec,  p.25, 1985. 

10.  Woodham,  R.J.  &  Lee,  T.K. ,  "Photometric  method  for  ra¬ 

diometric  correction  of  multispectral  scanner  data",  Cana¬ 
dian  Journal  of  Remote  Sensing,  Vol.ll,  No.2,  pp  132- 
161,  1985. 


4.  CONCLUSION 

The  described  method  of  simulation  of  the  flight  path  necessary  for 
the  geometric  correction  is  feasible  only  with  rather  short  flight  legs 
of  approx.  3  to  4  km.  It  is  also  only  recommended  when  the  flying 
was  done  under  calm  atmospheric  conditions. 
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standard  deviation 

x-diitction 

±  2.56  pixel 

'y-direedon 

±2.42 

nns 

x*direcdon 

0.587 

y-direction 

0.556 

r2 

x-diFccdon 

0.9998 

y-direcrion 

0.9999 

Tab.  1 :  Statistical  results  of  geocoding  accuracy 


Fig.l  :  Limits  of  1  pixel  displacement  due  to  topography  and  view¬ 
ing  angle  (pixelsize  6.Sm) 


Fig.2 ;  Flight  path  in  map  space 


Fig.3  :  a)  Result  of  geometric  correction  without  yaw  factor 


Fig.4 :  Major  forest  stand  classification  through  hierarchical  sepa¬ 
ration 

PPD  parallelepiped-classification 

DS  density  slicing 

EPS  edge-preserving  smoothing  filtering 

IS  image  segmentation 

PCO 1  first  principal  component 

ND  normalized  difference 


b)  Result  of  geometric  correction  including  a  yaw  factor 
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ABSTRACT 

Helicopter-borne  scatterometer  measurements  of  vario 
forest  and  surface  types  were  conducted  in  the  spring 
1988  in.  Espoo,  near  Helsinki.  The  HUTSCAT  (Uelsink. 
University  of  lechnology  Scatterometerl  operates  at  5.4 
GHz  and  9.8  GHz  and  employs  four  linear  polarization 
modes  (VV,  HH,  VH,  and  HV).  At  each  of  the  8  channels, 
the  radar  can  measure  the  backscattering  properties  of 
a  target  with  a  range  resolution  of  one  meter.  The 
following  aspects  of  forest  remote  sensing  were 
investigated;  (a)  the  location  of  backscattering  sources 
for  various  tree  species,  (b)  determination  of  tree 
height,  and  (c)  identification  of  tree  species. 
Identification  of  tree  species  was  examined  using  both 
the  properties  of  the  radar  return  vs.  range  spectrum 
and  the  principal  component  analysis. 

Key  words:  Radar,  Forest,  Tree  height.  Tree  species 
identification. 


1.  INTRODUCTION 

Ground-based  scatteroraeter  measurements  of  single  trees 
have  provided  useful  information  on  the  effects  of  tree 
parameters  to  the  backscttering  behavior  (Sieber,  1985; 
Zoughi  et  al.,  1986).  Ground-based  measurements  of  single 
trees  cannot,  however,  give  detailed  statistical 
information  on  the  backscattering  properties  of  tree 
species  without  getting  extremely  ]aborous.  Airborne 
radar  studies  are  needed  in  order  to  better  understand 
the  interaction  of  microwaves  with  forest  canopies.  The 
distribution  of  backscattering  sources  within  the  forest 
canopy  is  employed  in  theoretical  backscatter  modeling 
(Paris,  1986). 

Helicopter-borne  scatterometers  can  be  used  to  collect 
data  on  both  single  trees  and  forest  canopies.  So  far, 
the  value  of  experimental  results  is  limited  by  the  number 
of  channels  (frequency  and/or  polarization)  available. 
(Hoekman,  1987;  Bernard  et  al.,  1987;  Pitts  et  al.,  1988). 

In  this  paper,  we  summarize  the  first  results  from  forest 
measurements  with  an  advanced  helicopter-borne  8-channel 
ranging  FFT  scatterometer,  HUTSCAT. 


2.  INSTRUMENTATION 

Our  new  dual -frequency  helicopter-borne  scatterometer  is 
a  frequency-modulated  continuous  wave  (FH-CH)  radar  that 
operates  at  5.4  GHz  and  9.8  GHz.  The  HUTSCAT  employs  four 


linear  polarization  modes  (VV,  HH,  VH.  and  HV)  at  both 
frequencies.  The  8-channel  system  can  measure  the 
backscattering  properties  of  a  target  with  a  range 
resolution  of  one  meter.  The  ranging  capability  for  each 
channel  simultaneously  is  obtained  by  performing  the  Fast 
Fourier  Transform  (FFT)  in  real  time  to  the  received 
time-domain  signal . 

The  forest  measurements  described  in  this  paper  were  made 
with  the  test  version  of  the  radar.  The  final  version 
will  be  completed  in  Hay  1989.  A  detailed  description  of 
the  scatterometer  is  given  in  another  IGARSS'89  paper 
(Hallikainen  et  al.,  1989). 

The  main  difference  between  the  test  version  and  the 
final  version  of  the  radar  is  that  the  test  version  can 
collect  data  using  only  one  channel  at  a  time,  whereas 
the  final  version  collects  data  using  eight  channels 
simultaneously.  In  the  test  version,  the  incidence  angle 
is  fixed  to  23  degrees  off  nadir,  thus  being  identical 
to  that  of  the  ESA  ERS-1  SAR  to  be  launched  in  1990. 

The  antenna  3  dB  (two-way)  beamwidth  is  3.8  degrees  at 
both  5.4  and  9.8  GHz.  Since  the  incidence  angle  is  23 
degrees,  the  antenna  footprint  on  the  ground  (main  axis 
of  the  ellipse)  is  0.075*H  and  the  slant  range  depth  is 
0.031*H,  where  H  is  the  flight  altitude.  For  an  altitude 
of  50  meters  (used  in  the  experiment)  the  antenna  footprint 
is  3.9  meters  and  the  slant  range  depth  is  1.5  meters. 


3.  DESCRIPTION  OF  EXPERIMENT 

The  measurements  described  in  this  paper  were  conducted 
on  29  April  1988  in  Espoo,  near  Helsinki.  Air  temperature 
was  about  S^C  at  11  a.m.  when  the  measurements  were  started 
and  about  lO^C  (forest)  to  IS^C  (open  areas)  at  2  p.m. 
when  the  measurements  were  completed.  There  was 
practically  no  wind  and  no  clouds.  No  precipitation  had 
been  reported  in  the  area  since  25  April.  However,  snow 
cover  had  melted  only  one  week  before  the  measurements 
and  the  soil  was  partially  frozen  in  forested  areas  of 
the  test  site.  Due  to  recent  snow  melt  run-off,  the 
volumetric  water  content  of  the  soil  was  high. 

Description  of  the  five  target  categories  is  given  in 
Table  I.  Three  forest  categories  were  measured;  mature 
spruce,  young  spruce,  and  a  mixture  of  aspen  and  birch. 
Additional  targets  included  logged  land  (clear-cut  area) 
and  agricultural  land  (plowed  bare  field).  According  to 
the  present  practice  in  Finland,  the  logged  area  had  been 
plowed  after  harvesting.  At  the  time  of  the  measurement, 
aspen  and  birch  were  defoliated. 
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Table  1.  Characteristics  of  the  target  categories, 
Espoo,  29  April  1988. 
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The  backscattering  properties  of  each  target  were  measurec 
at  5.4  and  9.8  GHz,  employing  four  linear  polarization 
modes  (HM,  VV,  HV,  VH)  at  both  frequencies.  The  Incidence 
angle  was  23  degrees  off  nadir.  The  range  resolution  was 
one  meter.  Consequtive  backscattering  spectra  were 
obtained  In  0.5  meter  Intervals  along  the  flight  track. 


4.  EXPERIMENTAL  RESULTS 

4.1.  Oetermlnatjon  of  Tree  Height 

Figure  1  depicts  consequtive  radar  return  spectra  for 
mature  spruce  at  5.4  GHz,  VV  polarization.  The  backscatter 
power  peaks  at  the  minimum  and  maximum  distances  from 
radar  correspond  to  backscatter  from  tree  tops  and  the 
ground,  respectively.  The  tree  height  along  the  flight 
track  can  be  determined  simply  by  taking  the  difference 
between  the  two  distances  and  by  making  the  necessary 
correction  due  to  the  23°  Incidence  angle. 

Figure  2  shows  a  sample  of  the  radar-derived  tree  heights 
In  the  test  site,  obtained  by  using  the  5.4  GHz  VV  channel . 
The  measured  minimum  tree  heights  are  due  to  small  open 
areas  between  the  trees  and  the  true  tree  height  varies 
from  12  to  29  meters.  The  radar-derived  tree  heights  were 
confirmed  in  an  approximate  manner  by  the  ground  truth. 

In  general,  the  llke-polarizatlon  gives  a  clear  radar 
return  from  both  the  tree  tops  and  the  ground,  thus  being 
suitable  for  tree  height  measurements.  The  cross-po¬ 
larized  radar  return  Is  weaker,  as  discussed  in  Section 
4.2.,  and  does  not  provide  good  capability  to  measure 
the  tree  height.  Based  on  the  present  data  set,  both 
C-band  and  X-band  can  be  used  for  these  measurements. 


4.2.  Identification  of  Backscattering  Sources 
In  Forest  Canopy 

Figure  3  shows  the  backscattering  sources  for  mature 
spruce  and  the  mixture  of  aspen  and  birch  at  5.4  GHz,  VV 
polarization.  The  Intensity  of  backscatter  Is  coded  In 
grey,  with  the  lightest  areas  representing  the  highest 
Intensity.  Figure  3  Indicates  that  the  dominant  backs¬ 
cattering  source  for  mature  spruce  are  the  tree  tops.  In 
some  cases,  the  attenuation  of  the  spruce  canopy  Is  so 
high  that  no  return  from  the  ground  Is  obtained.  The 
results  for  aspen  and  birch  Indicate  that  most  of  the 
backscatter  comes  from  the  ground.  At  the  time  of  the 
data  taking,  deciduous  trees  were  defoliated. 


Figure  1.  Consequtive  radar  return  spectra  for  mature 
spruce  along  the  flight  track;  5.4  GHz,  VV  polarization. 


Figure  2.  Radar-derived  tree  height  along  the  flight 
track  for  mature  spruce;  5.4  GHz,  VV  polarization. 


Figure  4  shows  the  average  radar  return  spectra  for  mature 
spruce  and  the  mixture  of  aspen  and  birch  at  5.4  and  9.8 
GHz  for  HH,  VV,  and  HV  polarization  modes.  The  difference 
In  the  location  of  the  main  backscattering  source  for 
the  two  tree  species  Is  clearly  visible.  The  results  were 
obtained  by  averaging  60  consequtive  spectra. 

4.3.  Identification  of  Tree  Species 

The  experimental  backscattering  coefficient  for  each  of 
the  forest  and  surface  types  was  around  -6  to  -12  dB  at 
5.4  GHz,  VV  polarization.  The  other  channels  did  not 
appear  to  provide  a  better  capability  to  discriminate 
between  the  five  categories  used  In  the  experiment.  Hence, 
other  methods  were  examined  in  order  to  Increase  the 
discimlnatlon  capability. 

The  experimental  results  In  Figure  4  Indicate  that  the 
shape  of  the  radar  return  vs.  range  (return  spectrum) 
depends  on  the  tree  species.  The  feasibility  of  using 
the  properties  of  the  return  spectra  to  discriminate 
between  various  forest  types  was  investigated  by  using 
standard  multivariate  statistical  methods.  The  following 
characteristics  of  each  spectrum  can  be  computed:  (a) 
norm,  (b)  center  of  mass,  (c)  skewness  (describes  the 
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Figure  3.  Backscattering  source  distribution  for  mature  spruce  (left)  and  aspen  and  birch 
(right)  along  the  flight  track;  5.4  GHz,  VV  polarization.  Backscatter  amplitude  is  coded 
by  grey  scale. 
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symmetry  of  spectrum  around  the  center  of  mass),  and  (d) 
spread  (desribes  the  depth  of  the  target). 

Additionally,  the  principal  component  analysis  can  be 
applied  to  the  experimental  results.  The  above  statistical 
quantities  and  methods  are  briefly  reviewed  in  another 
IGARSS'89  paper  (Hallikainen  et  a1.,  1989);  for  a  more 
detailed  treatment  see  e.g.  (Wilks,  1963). 


The  application  of  the  principal  component  analysis  to 
the  raw  data  from  the  FH-CW  radar  is  not  practical,  since 
the  return  spectra  obtained  from  different  flight 
altitudes  would  produce  several  separate  subgroups. 
Therefore,  the  spectra  are  first  scaled  in  an  appropriate 
way  to  preserve  only  the  shape  of  the  spectrum. 
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First  Component 


Figure  5.  Tree  species  discrimination  by  the  principal 
component  analysis;  5.4  GHz,  VV  polarization.  See  text 
for  description  of  data  points. 


Figure  6.  Spread  versus  skewness  for  averaged  radar  return 
vs.  range  spectra;  5.4  GHz,  VV  polarization.  See  text 
for  description  of  data  points. 


From  each  target,  15  successive  spectra  are  first 
averaged.  Next,  the  scaling  explained  above  is  performed 
and  the  data  matrix  (each  column  corresponds  to  a  single 
measurement)  is.  formed  with  the  discrete  sample  vectors 
of  the  scaled  spectra.  From  each  target,  45  averaged 
scaled  spectra  are  included.  Finally,  the  two  first 
principal  components  are  calculated  and  the  data  is 
projected  to  these  directions.  The  scatter  plots  obtained 
for  the  first  and  the  second  component  in  Figure  5  show 
that  the  data  clusters  to  five  different  groups 
corresponding  to  the  original  categories.  The  results  in 
Figure  5  strongly  suggest  that  identification  of  tree 
species  is  possible. 

In  Figure  5  the  points  corresponding  the  spectra  of  aspen 
and  birch  and  of  logged  land  are  clustered  in  an  arc-shaped 
configuration.  This  phenomenon  is  sometimes  referred  to 
as  the  "horseshoe  effect"  and  it  is  known  to  be  a 
mathematical  artifact. 

As  explained  above,  the  scaling  of  the  spectra  retains 
only  the  information  that  is  contained  in  the  shape  of 
the  spectra.  Figure  6  shows  a  plot  of  the  spread  vs. 
skewness  of  each  of  the  averaged  spectra.  The  results  in 
Figure  6  indicate  that  overlap  exists  only  between  the 
categories  of  agricultural  land  and- logged  land. 


5.  CONCLUSIONS 

The  results  obtained  with  the  new  8-channe1  scatterometer 
indicate  that  the  capability  of  the  radar  to  instan¬ 
taneously  measure  the  backscattered  power  vs.  range  is 
valuable  for  remote  sensing  of  forests.  The  tree  height 
along  the  flight  track  and  the  location  of  the 
backscattering  sources  within  the  forest  canopy  can  be 
determined. 

Using  the  principal  component  method,  the  radar  return 
vs.  range  spectrum  can  be  used  to  identify  tree  species. 
The  data  have  to  be  scaled  in  an  appropriate  way  to 
eliminate  the  effect  of  the  flight  altitude.  Additional 
measurements  are  needed  to  investigate  the  feasibility 
of  the  method  for  other  seasons. 
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ABSTRACT 

Attempts  to  Improve  the  accuracy  and  timeliness 
o£  forest  measurements  have  led  to  the  applica¬ 
tion  of  new  sensor  technologies  which  collect 
high  resolution  digital  data  sets  from  an 
airborne  configuration.  Two  devices  which  have 
shown  particular  promise  are  the  laser 
rangefinder  and  the  multlspeccral  video  camera. 
These  Instruments  are  capable  of  measuring  a 
number  of  primary  forest  parameters,  Including 
tree  height,  accurately  and  economically.  Used 
In  an  Integrated  sensor  package,  they  can 
generate  three  dimensional  views  of  the  forest 
body  and  underlying  terrain;  however,  the  data 
sets  collected  are  large,  with  a  high  level  of 
complexity . 

The  objective  of  the  work  described  herein  was 
to  develop  a  system  for  extracting  forest 
Information  from  simultaneously  acquired  coinci¬ 
dent  laser  and  video  data.  Test  data  sets  were 
acquired  over  an  area  In  west  central  Alberta 
and  consisted  of  multiple  low  level  flight  lines 
over  a  variety  of  forest  cover  types.  An 
Integrated  sensor  package  was  used,  consisting 
of  a  high  frequency  laser  rangefinder  and  a  six 
band  multlspectral  video  camera.  Extensive 
ground  data  were  compiled  and  supplemented  with 
historical  data  from  permanent  sample  plots 
maintained  by  the  Alberta  Forest  Service.  This 
Information  was  used  to  develop  and  test  a 
system  for  filtering  and  correlating  the  remote¬ 
ly  sensed  data  In  a  semi-automatic  manner. 
Analysis  of  the  Information  derived  showed  a 
high  degree  of  accuracy  In  the  measurement  of 
tree  heights  and  stand  densities,  while  species, 
crown  diameters,  and  vigor  could  be  estimated. 
Current  research  Is  aimed  at  the  generalization 
of  the  software  system  to  provide  support  for  a 
wide  variety  of  forest  cover  types  as  well  as  a 
direct  and  logical  Interface  to  forestry  CIS 
systems . 

KEYWORDS:  Laser,  video,  forestry. 

IHTRODUCTION 

The  purpose  of  the  work  described  herein  was  to 
develop  an  alroorne  data  collection  and  analysis 
facility  which  would  be  useful  for  forest 
assessment,  either  as  a  stand-alone  system  or  In 
combination  with  other  airborne  and  ground  based 


data  acquisition  systems.  Previous  Investiga¬ 
tions  by  the  authors  and  others  have  demonstrat¬ 
ed  the  utility  of  the  laser  rangefinder  for 
direct  measurements  of  tree  heights  In  an 
airborne  configuration.  By  pairing  this  unique 
sensor  with  a  second  one,  capable  of  obtaining 
Images  of  the  forest  canopy,  and  analyzing  the 
acquired  data  as.  an  Integrated  set,  a  system 
which  could  generate  a  three  dimensional  repre¬ 
sentation  of  the  forest  canopy  In  a  digital 
format  was  predicated. 

Prior  to  this  work,  the  laser  systems  were  often 
operated  In  conjunction  with  a  video  camera  in 
order  to  recover  the  aircraft  flight  line  In 
post  mission  processing.  These  two  sensors  are 
complementary  In  the  sense  that  their  operation¬ 
al  envelopes  overlap  (flying  height,  speed, 
etc).  Additionally,  they  offer  two  very  dif¬ 
ferent  data  sets  since  the  laser  measures  In  the 
vertical  plane,  while  the  video  cameri  produces 
a  horizontal  image.  Unfortunately,  conventional 
video  Imagery  Is  not  easily  interpreted  using 
the  analytical  techniques  which  are  required  for 
management  of  the  large  quantities  of  data 
produced  by  these  systems.  By  using  a  multl¬ 
spectral  video  camera,  the  same  Image  data  may 
be  broken  down  Into  several  discrete  Images 
representing  the  scene  reflectance  at  a  variety 
of  wavelengths.  These  images  can  be  captured 
using  a  video  digitizer  and  analyzed  In  a  manner 
analogous  to  the  digital  analysis  of  Landsat 
imagery . 

Testing  of  the  Integrated  system  was  performed 
in  west-central  Alberta,  near  the  town  of 
Drayton  Valley.  This  area  offers  a  variety  of 
forest  cover  types  In  single-species  and  mixed 
stands  located  on  rolling  terrain.  Operations 
consisted  of  several  flights  over  pre-selected 
areas  using  the  laser-video  system,  followed  hy 
a  ground  truth  program  aimed  at  validating  the 
forest  parameters  measured  by  the  airborne 
system. 

LASER  RAHGEFINDER  DATA 

Reduction  of  the  laser  data  Is  a  two  step 
process.  The  first  requirement  Is  to  determine 
the  range  from  the  aircraft  to  the  ground.  This 
involves  filtering  out  the  ranges  which  are 
intercepted  by  the  foliage  so  that  the  remaining 
range  measurements  Indicate  the  ground  surface. 
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These  ground  ranges  are  considered  an  InCer- 
medlace  result  for  scaling  the  video  Images. 

Once  the  ground  trace  Is  defined,  the  second 
step  Is  to  subtract  the  short  ranges  to  give  the 
tree  heights.  A  considerable  amount  of  research 
has  been  devoted  to  determining  how  well  the 
laser  actually  detects  the  top  of  the  tree  crown 
(Aldred  198S).  The  factors  which  come  Into  play 
here  are  the  sensitivity  of  the  laser  to  the 
small  branches  at  the  top  of  deciduous  trees  and 
the  difficulty  In  determining  whether  or  not  the 
laser  detected  the  highest  point  on  the  crown. 
Both  of  these  effects  will  cause  a  shorter  tree 
height  than  Is  actually  the  case  to  be  measured. 
Studies  with  the  laser  used  In  the  present 
application  have  shown  that  sensitivity  tc  small 
objects  Is  not  a  problem  as  a  fairly  wide  beam 
dispersion  Is  used  and  the  ranging  electronics 
provide  excellent  control  over  the  target 
selection.  Thus,  for  deciduous  trees  with 
large,  flat>topped  crowns,  the  height  measured 
will  be  fairly  accurate.  Another  consideration 
Is  that  the  laser  Is  not  maintained  In  a  con¬ 
stant  vertical  orientation  and  will  therefore 
produce  height  measurements  which  are  slightly 
longer*  than  the  actual  tree  size.  The  net 
effect  has  been  found  to  be  that  the  raw  range 
data  Is  within  O.S  meters  of  the  control  data 
when  averaged  over  small  segments  of  the  flight 
line . 


An  important  aspect  of  the  laser  cross-section 
Is  its  display  of  the  vertical  foliage  distribu¬ 
tion  along  the  profile  as  shown  In  figure  1. 
This  output  Is  useful  for  discriminating  between 
tree  species  during  Image  Interpretation  and  can 
also  be  used  to  locate  defoliated  crowns  which 
may  be  due  to  disease  or  Insect  attack. 


Figure  1:  Laser  Profile  of  Forest  Canopy 


MULTISPECTRAI-  VIDEO  IMAGERT 

The  multispectral  video  camera  used  for  this 
application  was  a  Xyblon  model  MSC-02.  This 
system  utilizes  a  charge  coupled  device  (CCD) 
sensor  mounted  behind  a  rotating  disc  containing 
six  narrow  band  spectral  filters  (Frost  1985). 
The  disc  rotates  at  a  speed  of  sixty  RPM  and  Is 
synchronized  with  the  scan  frequency  of  the 
video  sensor.  Thus  each  successive  field  of 
the  video  Imagery  is  obtained  through  a  dif¬ 
ferent  filter.  A  complete  set  of  six  Images  Is 
recorded  ten  times  per  second.  The  filter  disc 


also  acts  as  a  shutter  to  reduce  Image  blur  due 
to  aircraft  motion.  This  sensor  configuration 
has  a  number  of  advantages  over  other  tech¬ 
nologies  In  that  the  successive  Images  have  the 
same  attributes  since  they  are  acquired  by  the 
same  sensor-lens  combination.  The  Individual 
‘bands  are  easy  to  separate  because  they  are 
recorded  at  different  epochs.  On  the  other 
hand,  the  nature  of  the  imagery  makes  It  nearly 
Impossible  to  analyze  without  a  digital  frame 
capture  system  as  the  live  video  flickers 
rapidly  through  the  six  spectral  bands.  The 
serial  nature  of  the  data  acquisition  also 
implies  that  the  Images  must  be  registered  to 
each  other  to  eliminate  the  effects  of  aircraft 
motion. 

The  video  imagery  is  captured  using  a  video 
"frame  grabber"  board  Interfaced  to  a  digital 
Image  analysis  system.  This  system  utilizes 
high  speed  analog  to  digital  converters  (ADC’s) 
to  convert  the  Incoming  video  signal  to  a 
digital  raster.  Consecutive  fields  are  captured 
and  registered  to  form  a  multiband  image  (Fig. 
2).  The  time  codes  stored  In  the  video  signal 
are  also  captured  and  used  to  annotate  the 
Images  for  later  correlation  with  the  laser 
data.  Each  multispectral  video  Image  Is  cropped 
and  then  radlometrlcally  enhanced  prior  to 
classification  so  as  to  equalize  the  relative 
brightness  of  each  band.  These  procedures  do 
not  lead  to  any  loss  of  data. 


Figure  2:  Mulii  Band  Video  Imagery 


The  goal  of  the  analysis  phase  is  to  obtain  a 
general  classification  of  the  image  by  separat¬ 
ing  tree  crowns  from  open  ground  (Fig. 3).  In 
mixed  stands,  separation  of  the  deciduous 
species  from  the ‘coniferous  species  Is  sometimes 
possible  but,  due  to  the  limited  bandwidth  of 
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the  video  sensor,  identification  of  the  in¬ 
dividual  species  is  unreliable.  One  of  the  main 
factors  affecting  the  image  quality  is  the 
amount  of  solar  illumination.  General  clas¬ 
sifications  are  first  attempted  using  an  un- 
supervised  clustering  technique.  If  this 
approach  fails,  a  supervised  approach  is  used. 
At  this  point  the  laser  data  can  be  used  to 
advantage.  Since  different  tree  species  present 
different  vertical  profiles  in  terms  of  leaf  and 
branch  distributions,  the  analyst  can  identify 
the  various  typ^es  by  correlating  the  laser  data 
to  the  video  image  using  the  synchronized  time 
codes  embedded  in  the  two  data  sots.  This 
generally  leads  to  a  successful  classification. 


Figure  3:  Thematic  Overlay  Showing  %  Crown  Cover 


GKOUND  DATA 

Two  methods  were  used  to  gather  control  data  for 
this  study.  The  first  method  was  designed  to 
establish  the  relationship  among  age,  height, 
and  diameter  at  breast  height  (dbh)  of  several 
species  of  trees  in  the  study  area.  To  do  this 
691  trees  were  sampled  at  random  and  classed  by 
height  and  species  group  so  as  to  obtain  a 
significant  sample  of  each  species  population 
and  to  indicate  the  distribution  of  age  and  dbh 
relative  to  height.  For  each  species  group, 
five  height  classes  were  established  and  thirty 
trees  falling'  in  each  group  were  sampled.  The 
data  collected  in  this  manner  gave  a  good 
indication  of  the  growth  rates  and.  relative 
distributions  of  the  various  tree  species  in  the 
area . 

The  second  ground  data  acquisition  procedure  was 
designed  to  specifically  test  the  laser  system 
accuracy.  Several  fllghtlines  were  accurately 
marked  on  air  photos  of  the  area  at  a  scale  of 
1:30,000.  At  well  defined  sections  of  these 
lines,  a  "strip  cruise"  was  performed  covering 
an  area  of  ten  meters  on  each  side  of  the  line. 
In  Che  area  covered  by  the  strip,  each  tree  was 
measured  for  dbh  and  its  species  recorded.  At 
ten  meter  intervals  along  the  strip,  the  height 
of  a  dominant  tree  was  measured.  This  data, 
augmented  by  the  data  from  the  first  method, 
gives  a  clear  indication  of  the  stem  density, 
species  distribution,  and  canopy  height  at  a 
location  which  was  also  viewed  by  the  airborne 
system. 


ANALYSIS  AND  RESULTS 

The  products  of  the  airborne  data  interpretation 
were  tabulated  to  show  average  stand  height, 
crown  closure,  and  the  ratio  of  deciduous  to 
coniferous  species  along  the  strip  cruise  areas. 
These  parameters  were  compared  to  the  measure¬ 
ments  acquired  during  Che  ground  truth  data 
acquisition  phase. 

The  average  tree  heights  measured  over  the 
profile  lines  were  within  O.S  meters  of  Che 
ground  values.  This  repeats  results  obtained  in 
previous  Investigations.  The  dscermlnaclon  of 
crown  closure  was  better  in  tingle  speclos 
coniferous  stands  than  in  mixed  or  deciduous 
areas,  mainly  because  of  the  difficulty  in 
differentiating  the  lowlying  ground  foliage  from 
the  deciduous  crowns.  Better  results  in  these 
stands  were  achieved  using  the  integrated  data 
sets  than  with  the  video  imagery  alone.  Similar 
problems  were  encountered  in  determining  the 
ratio  of  species  occurr-nce. 

CONCLUSIONS 

The  processing  cf  data  obtained  from  an  airborne 
laser  rangefinder  Integrated  with  a  multispec- 
tral  video  camera  was  described.  The  results  of 
flight  tests  of  this  system  were  compared  with 
data  obtained  by  field  cruising  techniques.  The 
sensor  package  described  has  Che  advantages  of 
relatively  low  cost  while  providing  a  direct 
measurement  of  tree  height  and  thematic  inven¬ 
tory  data  which  can  be  easily  processed  by  semi- 
aucomaclc  means. 
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ABSTRACT 

This  paper  presents  an  application  of  aerial 
Riultispectral  videography  and  oolour/colour  IR 
photography  in  sugar  maple  decline  assessment. 
Videography  is  a  low  cost  alternative  to 
multispectral  scanning  and  photography.  In 
this  study,  large  scale  4-band  video  of 
several  test  plots  was  acquired  using  the  4- 
camera  video  system  developed  in  the  Faculty 
of  Forestry,  University  -of  Toronto.  In  the 
video  data,  various  spectral  and  textural 
measures  for  the  sampled  trees  within  and 
around  several  test  plots  were  computed.  They 
Included  principal  components,  band  ratios, 
and  first-order  and  second-order  texture 
transforms.  These  measures  were  evaluated  and 
compared  with  the  results  from  photo 
interpretation  and  ground  surveys.  The  most 
significant  measures  were  then  selected  to 
form  a  numerical  maple  decline  index.  Colour 
and  colour  IR  photography  was  acquired 
simultaneously  with  the  video  at  1:2,000 
scale.  Trees  in  each  test  plot  were  identified 
and  interpreted  for  decline  level  based  on: 
leaf  chlorosis,  evidence  of  visible  branches, 
and  general  crown  texture.  A  decline  index 
derived  from  photo  interpretation  was  also 
developed  primarily  based  on  leaf  chlorosis 
characteristics.  The  analysis  results  so  far 
have  shown  that  the  aerial  photography  method 
is  subjective  but  internally  quite  accurate 
and  that  videography  is  an  objective, 
quantitative  and  inexpensive  alternative  for 
maple  decline  assessment. 


KEY  WORDS  :  MULTISPECTRAL  AERIAL  VIDEO 
IMA6IMQ,  COLOUR/COLODR  IR 
FHOTOORAFBY,  MAPLE  DECLIHE,  AMD 
SPECTRAL  AND  TEXTURE  ANALYSIS. 


INTRODUCTION 

Aerial  colour  and  colour  infrared  photography 
has  long  been  used  for  forest  inventory 
purposes.  Multispectral  video  imaging,  as  a 
newly  developed  remote  sensing  technique,  has 
been  shown  to  have  a  great  potential  in  many 
forest  applications  using  both  analogue  and 
digital  image  analysis  methods  (Vlcek  et  al. 
1986;  Yuan  et  al.  1987). 

Sugar  maple  (Acer  saccharum)  decline  has 
become  a  severe  problem  in  northeastern 
American  forest  regions  in  recent  years  due  to 
the  interaction  of  several  biotic  and  abiotic 
causes  or  stress  factors,  such  as  acid  rain, 
soil  nutrient  deficiencies,  increased  ozone 
pollution,  etc.  Providing  timely  and  accurate 
assessment  of  the  level  and  extent  of  damage 
to  this  economically  important  tree  species  is 
a  primary  goal  of  remote  sensing  in  forest 
resource  management.  Advantages  of  using 
remote  sensing  techniques  to  detect  and 
assess  maple  decline  are  obvious  considering 
the  general  decline  symptoms.  Basically,  there 
are  5  stages  in  the  development  of  decline: 
(1)  early  leaf  discolouration  followed  by 
premature  leaf  fall,  (2)  progressive 
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deterioration  of  young  tv/igs  and  branches  of 
increasing  sizes,  (3)  progressive  dieback  of 
buds,  twigs,  and  branches  from  upper  outer¬ 
most  parts  of  the  crown,  (4)  decline  of  part 
or  almost  all  of  the  leaf  crown,  and  (5) 
death/recovery  of  affected  trees.  These 
changes  are  manifested  in  both  crown  spectral 
and  textural  characteristics  providing 
opportunity  for  large  scale  Imaging  and 
individual  tree  assessment  using  spectral  and 
textural  analysis. 

The  main  purpose  of  this  study  was  to 
investigate  and  evaluate  the  capability  of 
multispectral  video  imaging  in  comparison  with 
aerial  colour/colour  IR  photography  for  sugar 
maple  decline  assessment.  Digital-video-based 
and  photo-interpretation-based  maple  decline 
indices  were  developed  for  operational 
purpose. 


DATA  ACQUISITIOK 


Aerial  j)hotography  (colour  and  colour  IR)  and 
multispectral  video  of  nine  Ontario  Ministry 
of  Environment  (MOE)  test  plots  were  acquired 
simultaneously  on  August  16,  1988  between  1130 
and  1500  EST  from  an  altitude  of  610  m  AGL. 

Multispectral  video  was  acquired  using  the  4- 
camera  video  sensor  developed  at  the  Faculty 
of  Forestry,  University  of  Toronto  (Vlcek  and 
King  1985) .  '  It  incorporates  four  aligned 
black  and  white  solid-state  video  cameras,  a 
sequential  switcher  which  provides  frame-rate 
multiplexed  video  from  all  cameras  that  is 
recorded  on  a  single  VCR,  and  a  colour  encoder 
which  provides  colour/false  colour  imagery 
that  is  recorded  on  a  second  VCR.  The  cameras 
are  RCA  TC-2300  models  equipped  with  Canon 
2/3",  16  mm  focal  length  TV  lenses.  Selected 
interference  filters  were:  430-470  nm,  530- 
570  nm,  665-675  nm  and  780-820  nm. 
uxqitl2dtl.cn  of  the  recorded  black  and  white 
multiplexed  video  signal  at  512  x  480  sampling 
rate  was  carried  out  using  a  Matrox  PIP-1024a 
frame  grabber  capable  of  freezing  four 
consecutive  video  frames. -The  resulting  ground 
pixel  sizes  were  :  0.48  m  (H)  x  0.38  m  (V) . 
Registration  of  individual  video  bands  was 
then  conducted  to  eliminate  shifts  due  to 
aircraft  translation  in  the  1/15  s  data 
acquisition  interval.  A  linear  contrast 
enhancement  was  also  applied  to  each  image  to 
fully  utilize  the  whole  dynamic  8-bit  grey 
level  range. 

The  photographic  portion  of  the  mission  was 
carried  out  by  the  Ontario  Centre  for  Remote 
Sensing  (OCRS) .  The  cameras  utilized  were 
Vinton  70  mm  format  cameras  with  76  mm  focal 
length  lenses.  The  films  employed  were  Kodak 
Aerocolour  2445  negative  70  mm  film  and  Kodak 
Aerochrome  244  3  IR  70  mm  film.  A  SOO.nm  cut-on 
filter  was  used  on  the  IR  camera. 

The  nine  OME  plots  were  located  in 
representative  parts  of  sugar  maple  woodlots 
in  several  regions  of  southern  Ontario.  Of 
the  nine  sites  which  were  flown  over,  only 
seven  were  successfully  covered  by  photography 
and  four  by  video.  The  remaining  sites  were 


missed  due  to  navigational  problems.  Field 
visits  were  made  to  each  of  the  sites  to 
identify  plot  locations  on  the  aerial 
photographs  and  visually  assess  the  decline 
status  of  each  plot. 


DATA  ANALYSIS  METHODOLOGY 


Video  Data  Analysis  Methodology 

A  number  of  s'^-'ctral  and  textural  measures 
were  computed  .  evaluated  with  ground-based 
information  and  photo  interpretation  results. 
The  measures  which  were  most  associated  with 
decline  symptoms  were  then  selected  for  use  in 
the  decline  model. 

An  image  of  windows  of  selected  tree  crowns 
for  derivation  of  spectral  and  textural 
measures  was  first  defined.  Selection  of 
window  size  was  critical  because  too  large  a 
window  would  include  some  boundary  shaded 
pixels  which  could  increase  variations  of 
pixel  values,  while  too  small  a  window  could 
not  reflect  the  actual  tree  crown  spectral  and 
texture  patterns.  In  this  study,  the  window 
size  was  determined  in  accordance  with  the 
tree  size.  Experience  revealed  that  an 
appropriate  window  size  for  a  tree  crown  was 
one  that  included  70%  -  80%  of  the  total 
pixels  falling  on  the  crown. 

For  each  window  selected,  spectral  and  texture 
measures  were  calculated  as  described  below. 
For  sites  in  which  the  OME  test  plot  was  not 
successfully  covered,  a  representative  test 
plot  nearby  was  selected. 

fa^  Spectral  Transformation.  Three  spectral 
measures  were  used,  two  principal  components 
and  one  ratio  component.  Principal  component 
transformation  is  a  useful  technique  in 
multispectral  image  analysis  to  reduce  data 
dimensionality  by  derivation  of  uncorrelated 
principal  compensnta  formed  by  linear 
combinations  of  the  original  spectral 
variables.  Since  the  first  two  components 
usually  explain  most  of  the  variation,  they 
were  selected  as  two  spectral  measures. 
Another  spectral  measure  was  band  ratios.  They 
were  selected  in  order  to  reduce  radiometric 
variations  caused  by  sun  illumination  angle 
and  view  angle  variations. 

Before  carrying  out  spectral  transformations, 
each  subimage  of  tree  crowns  was  standardized 
by  subtracting  the  band  mean  and  dividing  by 
the  standard  deviation  for  scene  comparison 
purposes.  This  was  done  to  eliminate  the 
effect  caused  by  varied  imaging  formation 
conditions  from  site  to  site  and  varied  image 
pre-processing  that  may  have  compressed, 
enlarged,  or  shifted  grey  level  distributions. 

(bl  Texture  Transformation.  The  texture 
representation  methods  used  were  first-order 
texture  transformations,  and  the  second-order 
co-occurrence  method.  One  measure  from  the 
former  was  mean  Euclidean  distance  (MED)  and 
three  measures  from  the  latter  were  contrast 
(CON) ,  entropy  (ENT)  and  angular  second  moment 
(ASH) .  There  are  some  advantages  and 
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disadvantages  in  each  method  discussed  by 
Irons  and  Pattersen  (1981),  Harlic)c  (1979), 
Wesz)ca  et  al.  (1976),  and,  Conners  and  Harlow 
(1980). 

A  similar  data  normalization  procedure  to  that 
described  above  was  also  applied  before 
performing  texture  transformations.  In 
addition,  the  resulting  data  were  compressed 
into  a  6-bit  grey  )evel  range.  This  process 
did  not  change  the  actual  grey  level 
distributions  but  greatly  reduced  the  size  of 
the  co-occurrence  matrix  from  256  x  256  to  64 
X  64,  and  thus,  greatly  reduced  computation 
costs.  The  Intersample  spacing  for  the  co¬ 
occurrence  matrix  was  1  pixel  and  an  average 
of  8  sampling  angles  were  used  to  ensure 
rotationally  invariant  texture.  All  texture 
measures  were  derived  from  the  band  2  image 
because  it  displayed  the  best  image  contrast 
and  sharpness  resulting  in  good  visual 
appearance  of  different  texture  patterns. 

(c)  Evaluation  of  Spectral  and  Texture 
Measures .  Evaluation  of  each  spectral  and 
texture  variable  in  maple  decline  assessment 
was  carried  out  through  a  statistical  analysis 
of  ground  Information,  photo  interpretation 
results  and  data  collected  from  two  of  the 
test  plots  (STEED  and  MILLER) .  Since  the 
average  ground-based  OME  index  of  each  plot 
was  computed  from  a  small  number  of  trees  that 
were  often  difficult  to  identify  on  the  video 
Images,  most  of  the  evaluation  was  done  based 
on  photo  interpretation  of  identical  trees 
sampled  from  both  photographic  and  video 
imagery.  Colour  photo  interpretation  was 
carried  out  by  interpreter  2  based  on  three 
variables:  chlorosis  (4  levels),  visible 
branches  (4  levels) ,  and  crown  texture  (4 
levels) .  The  sum  of  the  three  variables  was 
used  as  a  photo  decline  index  (PDI) . 
Correlations  between  this  photo  decline  index 
(PDI)  and  the  spectral  and  texture  variables, 
were  calculated  and  the  best  variables  were 
selected  for  the  final  maple  decline  index 
model. 

(d)  Formation  of  Maple  Decline  Index  Model. 
The  linear  regression  models  obtained  from  the 
above  analysis  only  showed  the  linear 
relationship  between  the  selected  variables 
and  the  photo  decline  index  within  a  scene. 
For  between  scene  comparisons,  there  were  two 
possible  approaches.  The  first  was  to 
calibrate  video  data  for  each -scene  so  that  an 
absolute  comparison  could  be  done.  The  second 
was  to  use  a  common  reference  object  so  that 
anything  in  the  image  could  be  compared  to  it, 
thus,  the  comparison  would  be  relative.  In 
this  study,  the  latter  approach  was  adopted. 
A  healthy  tree  was  selected  from  each  site  as 
the  reference  and  a  spectral  and  texture  score 
were  calculated.  A  linear  model  was  proposed 
as  follows. 


VDI  =  K,  -f  K2  (  S,  -  S,  )  ■^  K,  (  T,  -  Tr  ) 


where:  VDI  :  video  decline  index  for  a 
sampled  tree 

St  :  spectral  score  for  the  tree 
Tt  :  texture  score  for  the  tree 


Sr  :  spectral  score  for  the 
reference  tree 
Tr  :  texture  score  for  the 
reference  tree 
Ki,K2,Kj  ;  constants. 

The  constants  K),  K2,  and  Kj  were  determined 
based  on  the  photo  decline  index  (PDI)  so  that 
both  decline  indices  would  have  a  similar 
dynamic  range. 

Aerial  Photo  (Colour  and  Colour  IR> 
Interpretation 

To  develop  an  operational  photo  interpretation 
methodology  using  colour/colour  IR 
photography,  the  keys  shown  in  Table  1  were 
developed  to  assist  in  the  interpretation 
process  and  assure  consistency  between 
interpreters. 

Table  1.  Keys  to  maple  decline  assessment 
for  colour/colour  IR  photography. 
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Both  natural  colour  (NC)  and  colour  infrared 
(CIR)  photos  were  interpreted  using  mirror 
stereoscopes  with  3X  magnification.  Individual 
tree  crowns  within  and  around  the  OME  test 
plots  were  delineated  on  transparent  overlays 
which  were  then  graphically  enlarged  for 
numbering  of  individual  trees.  Using  the 
original  overlay  over  one  of  the  photos  and 
the  numbered  enlargement  for  tree 
identification,  the  decline  level  cf  each  tree 
was  determined  with  the  aid  of  the  )cey. 
Decline  was  first  interpreted  on  all  NC  photos 
and  then  repeated  on  CIR  photos.  Two 
interpreters  worked  independently  on  the  same 
overlays.  Interpretation  was  carried  out  for 
main  plots  which  contained  the  OME  research 
plots  and,  in  several  cases,  for  1-3  sub-plots 
chosen  in  the  vicinity  of  the  main  plot. 


RESULTS  AMD  DISCUSSION 


Video  Data  Analysis 

Two  plots,  STEED  and  MILLER,  were  selected  for 
the  statistical  analysis.  Fifty-seven  and 
twenty-two  trees  were  sampled  from  the  two 
plots,  respectively.  Correlation  analysis  of 
colour  photo  interpretation  results  and  video 
analysis  results  showed  that  the  second 
principal  component  (PC2)  and  the  contrast 
(CON)  had  the  highest  linear  relationship  with 
the  photo  decline  index  (PDI) . 

The  linear  regression  analysis  results  are 
shown  in  Table  2  and  Figure  1.  ' 


2388 


Table  2,  Summary  of  regression  analysis. 
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1.12 

KILLER 

PC2*C0N 

P0I-2.93+1.16PC2+0.03CON 

78 

0.73 

0.96 

0  »  40  «o  to  eo  UO 

CON 

Fig.l.  Linear  regression  analysis  of  video 
data  spectral  and  texture  variables 
with  the  photo  decline  index  from 
STEED  and  MILLER  sites  (PDI=Photo 
Decline  Index,  PC2=Principal  Component 
2,  and  CON=Contrast,  r‘=Deterroination 
Coefficient,  n=No.  of  Trees,  RMSE=Root 
Mean  Square  Error) . 


The  linear  correlation  (r^)  of  the  photo 
decline  index  (PDI)  with  the  second  principal 
component  (PC2)  was  0.31.  The  PDI  correlation 
with  the  contrast  (CON)  texture  was  0.62.  Even 
higher  correlations  were  obtained  when  both 
PC2  and  CON  were  combined  in  a  two-variable 
linear  model- (r'=0. 73) .  The  root  mean  square 
errors  were  also  reduced  from  1.51  (for  PC2) 
.and  1.12  (for  CON)  to  0.96  in  the  two-variable 
model . 

Five  trees,  ranging  from  liealthy  to  very 
severely  declining,  were  selected  from  the 
STEED  site  (based  on  the  ground  information) 
for  further  detailed  study.  Average  grey 
levels  of  each  tree  crown  (7x7  pixel  window) 
in  four  spectral  ba.-ids  are  plotted  in  Figure 
2.  It  is  evident  that  the  grey  levels  are 
higher  in  bands  1  and  2  for  the  declining 
trees  than  the  healthy  trees.  In  bands  3  and 
4 ,  the  trend  is  not  clear  because  the 
radiometric  image  quality  in  these  two  bands 
was  not  very  good.  Examination  of  the 
variances  of  the  trees  showed  that  declining 
trees  usually  had  higher  variance  than  healthy 
trees.  These  observations  suggest  that 
spectral  and  textural  changes  from  healthy  to 
declining  should  be  considered  as  two  basic 


Fig.  2.  Spectral  comparison  of  five  maple 
trees. 

indicators  of  decline  and  therefore  should  be 
included  in  the  proposed  maple  decline  index 
model. 

Average  video  decline  index  values  for  the  6 
selected  plots  were  calculated  using  the 
proposed  model  and  ranked  as  shown  in  Table  3. 
It  was  found  that  the  STEED  site  had  the 
lowest  VDI  (5.2),  the  DAVIES  site  had  the 
highest  VDI  (8.2),  and  the  remaining  sites 
were  not  significantly  different.  Overall,  the 
trees  in  all  the  test  plots  showed  medium 
decline. 

Table  3.  Ranking  of  the  plots  by  VDI  values. 


o  a 

Ho.  Of  trees 
Saapled 

Averaged 

VDI 

Standard 

'Deviation 

DAVIES 

63 

6.2 

1.7 

riNCHAM 

26 

6.4 

1.5 

KACLACHLAN 

24 

6.5 

2.1 

MILLER 

23 

7.0 

1.5 

STEED 

4? 

5.2 

0,7 

VEITCH 

56 

6.3 

1.5 

Photo  Interpretation  Results 

Table  4  gives  the  maple  decline  level  tor  each 
site  based  on  photo  interpretation  of  colour 
IR  photography.  The  main  variable  used 

Table  4.  Colour  IR  photo  interpretation 
results. 


Plot 

Ku&bcr 
of  trees 
saapled 

Mean  PDI  ±  STD  | 

Interpreter  1 

interpreter  2 

DAVIES 

70 

2.8  ±  0.8 

2.8  t  0.8 

riNCHAM 

58 

2.5  ±‘0.7 

2.4  *  0.8 

GRIFFITH 

78 

2.6  ±  0.7 

2.7  i  1.1 

KACLACHLAH 

50 

2.8  ±  1.2 

2.6  i  1.0 

HILLER 

59 

2.4  1.0 

2.4  ♦  1,1 

STEED 

52 

2.5  *  0.8 

2.3  ±  0.9 

VEITCH 

63 

2.5  ±  1.0 

2.8  ♦  0.9 
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in  this  index  was  chlorosis  but  overall  crown 
condition  was  also  taken  into  account. 

On  natural  colour  (NC)  photos,  declining  maple 
trees  appear  in  various  shades  of  green  to 
yellow-brown.  On  colour  infrared  (CIR)  photos 
the  colours  are  red  to  whitish-grey.  Apart 
from  these  obvious  differences  there  exist 
subtle  differences  between  colour  and  colour 
IR  photography  in  image  rendition. 

(a)  On  CIR  the  individual  tree  crowns  are 
more  sharply  delineated. 

(b)  On  NC  bare  branches  are  better  resolved. 

(c)  In  shadows  green  vegetation  is  better 
resolved  on  CIR  but  dying  or  dead 
vegetation  is  better  resolved  on  NC. 

(d)  Biomass  is  much  better  discriminated  by 
colour  differences  on  CIR.  This  is 
especially  evident  within  the  crowns  and 
is  an  important  clue  to  decline 
assessment. 

On  the  whole  then,  the  CIR  photos  were  found 
to  be  superior  to  NC  photos  in  assessing 
decline. 

Similarities  between  interpreters  were  evident 
in  the  results.  The  general  ranking  of  plots 
from  best  to  worst  was  similar  (ie.  with  the 
DAVIES  and  GRIFFITH  plots  having  greater 
decline  than  the  STEED,  FINCHAM  and  MILLER 
plots) .  However,  there  was  disagreement  on 
the  status  of  the  VEITCHand  MACLACHLAN  plots. 
For  all  plots  and  sub-plots,  the  determination 
coefficient-between  interpreters  was  r^  =  0.53. 
The  subjectivity  of  visual  photographic 
interpretation  of  decline  was  apparent  in  the 
methodology  and  results.  Two  interpreters 
performing  the  same  tasks  under  the  same 
conditions  have  produced  results  which  are 
similar  but  not  highly  correlated. 

In  comparison  of  the  photo-interpretation 
index  to  the  ground-based  decline  index 
produced  by  the  OME,  it  was  found  that  there 
was  little  correlation  between  them.  This  is 
partly  because  the  OME  index  was  determined  in 
late  June  and  early  July  in  the  middle  of 
infestations  of  tent  caterpillar  at  some  of 
the  sites.  In  August,  the  affected  sites  had 
recovered  to  some  degree,  producing  second 
foliage  which  was  small  and  often  yellow- 
green.  Both  decline  indices  were  therefore 
affected  in  dissimilar  ways.  Also,  many  more 
trees  were  sampled  in  the  remc  e  sensing  study 
than  the  OME  study. 


CONCLUSIONS 


The  results  of  this  research  show  that  both 
multispectral  aerial  video  and  colour  and' 
colour  IR  photography  are  complimentary  and 
efficient  means  for  forest  decline  assessment 
on  an  individual  tree  basis.  Digital 
multispectral  video  data  analysis  is 
quantitative  and  unbiased  producing  repeatable 
results.  However,  representation  of  the 
spectral  and  texture  image  characteristics  in 
a  decline  index  model  involved  time  consuming 
image  processing  and  transformation.  In 
contrast,  photo  interpretation  is  a  subjective 
process  which  requires  only  film  processing 


and  interpreter  training.  Both  methods  yielded 
maple  decline  indices  which  were  well 
correlated  with  each  other.  This  may  be  mainly 
attributed  to  the  fact  tl.at  both  processes 
involved  spectral  (chlorosis)  changes  and 
texture  (crown  structure)  changes. 

An  alternative  approach  to  using  spectral  and 
texture  measures  of  a  tree  crown  would  be  to 
develop  a  hypothetical  healthy  crown  model 
based  on  physiological  and  morphological 
characteristics  of  the  maple  species.  Decline 
of  a  tree  could  be  described  by  the  degree  it 
deviates  from  the  healthy  model  under  certain 
environmental  conditions.  Such  model-based 
methodology  should  be  explored  in  future 
study . 

Individual  tree  assessment  using  either  large 
scale  video  or  oolour/colour  IR  photography 
could  be  adopted  to  replace  ground  truth  in 
multistage  sampling.  Integration  of  high 
altitude  photography  (or  even  satellite 
imagery) ,  large  scale  photography  or  video 
imaging,  and  subsequent  ground  checking  could 
be  beneficial  in  terms  of  accuracy  and  cost. 
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ABSTRACT 

The  HEIS  II  airborne  multispectral  imager  has  been 
providing  data  to  the  remote  sensing  community  since 
1983.  During  that  time  HEIS  II  has  provided  data  for 
more  than  200  remote  sensing  missions.  One  of  the  first 
and  most  successful  applications  of  HEIS  imagery  has 
been  in  forestry  for  inventory,  juvenile  stand 
assessment,  and  insect  damage  detection  and  mapping. 
The  addition  to  HEIS  of  a  fore-aft  stereo  capability, 
coupled  with  the  development  of  accurate  techniques  for 
the  correction  of  geometric  distortions  in  airborne 
imagery,  has  led  to  the  possibility  of  producing  high 
resolution  data  bases  for  topographic  maps  by  totally 
digital  methods. 

The  success  of  the  research  performed  in  forestry  and 
mapping  with  HEIS  II  data  combined  with  the  advances  in 
geographical  information  systems  (GIS)  has  opened  the 
way  for  the  development  of  a  new  system  which  will 
include  data  acquisition  and  ground  processing 
components,  and  which  will  provide  truly  operational 
capabilities.  This  report  describes  the  sensor,  HEIS 
FH,  its  conceptual  design  and  functional  specifications. 
HEIS  FH  will  be  a  wide  angle,  high  resolution, 
multispectral  imager  based  on  state-of-the-art  linear 
arrays  and  custom  designed  high  resolution  optics.  The 
design  has  been  specifically  tailored  to  the 
requirements  of  the  mapping  and  forestry  industries  with 
the  emphasis  on  the  cost  effective  production  of  the 
end-user  products. 

Key  Words:  HEIS,  pushbroom  imager,  mapping,  forestry 
1.  INTRODUCTION 

HEIS  II  is  a  second  generation  multi-spectral  linear 
array  pushbroom  imager  that  has  been  in  use  since  1983 
(Neville  et  al,  1983;  Till  et  al,  1986).  It  has  eight 
separate  coregistered  channels  each  filtered  by  one  of 
22  different  spectral  filters.  Since  1987  this  sensor 
has  been  operated  commercially  by  Innotech  Aviation 
Enterprises  Ltd.  During  its  six  years  of  operation  HEIS 
II  has  acquired  data  for  more  than  200  projects  for 
researchers  throughout  Canada.  Of  the  many  applications 
two  have  the  potential  for  wide  spread  operation: 
topographic  mapping  and  forestry  (Ahern  and  Leckie, 
1987;  Ahern  et  al,  1986;  Gibson  and  Chapman,  1987; 
Gibson  et  al,  1983;  Kneppeck  and  Ahern,  1987;  Till  et 
al,  1987). 

This  particular  sensor  design  is  attractive  for  use  in 
mapping  because  it  provides  continuous  fore-nadir-aft 


stereo  imagery.  The  sensor  geometry  can  be  accurately 
calibrated  and  is  stable.  Any  lens  distortions  can  be 
readily  compensated  digitally  and  in  real  time.  The 
output  data  are  digital  and  hence  in  a  form  that  is 
compatible  with  computerized  processing  systems  for 
terrain  feature  extraction. 

The  final  link  required  to  make  such  line  image  data 
useful  for  cartography  is  a  fast  processor  which  will 
correct  the  image  data  for  aircraft  motion  induced 
distortions.  A  prototype  of  such  a  system  has  been 
developed  and  is  being  operated  at  CCRS;  this  system 
uses  inertial  navigation  data  recorded  simultaneously 
with  the  image  data  (Gibson,  1986).  With  National 
Research  Council  of  Canada  support,  further  developments 
are  being  undertaken  by  Rem/Sense  Happing  Technologies, 
Inc.  to  speed  up  the  processing  and  to  develop  a 
capability  for  the  extraction  of  digital  elevation 
models  from  line  imager  data. 

Forestry  application  studies  have  shown  HEIS  II  to  be 
useful  in  inventory  mapping,  high  resolution  sampling, 
and  in  insect  damage  assessment  (Ahern,  1986).  Hany  of 
the  system  capabilities  required  for  topographic  mapping 
are  also  required  for  the  forestry  applications.  In 
addition,  the  precise  radiometric  and  multispectral 
aspects  of  the  HEIS  Imagery  are  needed  for  species 
discrimination  and  insect  damage  mapping.  Of  course, 
these  same  sensor  characteristics  will  benefit  the 
mapping  application  by  enhancing  the  feature  extraction 
process. 

2.  SYSTEM  OVERVIEW 

As  presently  envisaged,  the  system  will  consist  of  an 
airborne  segment  and  a  ground-based  segment.  The 
airborne  segment  includes  the  sensor,  navigation 
subsystems,  real  time  display  and  image  data  recorder. 
The  ground-based  processor  will  be  multi-level 
consisting  of  image  data  tape  reader,  radiometric 
correction  subsystem,  geometric  correction  subsystem, 
stereo  data  processor  and  output  image  recorder 
utilizing  a  computer  compatible  medium  appropriate  to 
the  anticipated  large  data  volumes.  The  output  products 
will  range  from  raw  uncorrected  imagery,  to  imagery  that 
has  bee";)  corrected  for  aircraft  motion  induced 
distortions,  and  finally  to  a  fully  geometrically 
corrected  and  georeforenced  digital  elevation  model  and 
ortho  image.  Each  of  these  products  will  be  available 
optionally  with  radiometric  corrections  for  effects 
resulting  from  the  atmosphere  and  solar  incidence  angle 
variations. 
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3.  AIRBORNE  SEGMENT 

We  present  here  the  functional  requirements  imposed  on 
the  sensor  by  the  mapping  and  forestry  applications,  how 
these  impact  sensor  design,  and  the  resulting  demands 
on  the  navigation  and  recording  subsystems.  It  is 
assumed  that  the  sensor  will  utilize  linear  detector 
arrays  and  will  be  modelled  on  the  MEIS  II  design.  As 
its  principal  applications  will  be  in  forestry  and 
mapping  this  imager  is  called  HEIS  FH. 

3.1  Sensor  Subsystem 

The  sensor  characteristics  considered  to  be  necessary 
for  the  sensor  to  fulfil  the  objectives  of  this  mapping 
system  are  summarized  in  Table  1.  We  discuss  the 
reasons  for  these  choices  below. 

To  do  continuous  single  pass  stereo  mapping  requires  a 
minimum  of  two  looks  at  the  target,  one  forward,  the 
other  aft.  Accuracies  of  elevation  determination  can 
be  improved  by  the  addition  of  a  nadir  looking  channel. 
Fore-aft  look  angles  of  +30°  and  +35°,  relative  to  the 
nadir  channel,  have  been  used  successfully  in  the 
studies  involving  MEIS  II  imagery. 

The  number  of  nadir  channels  has  been  determined  by 
spectral  studies  of  tree  species  discrimination  and 
insect  damage  assessment  to  be  at  least  four.  It  is 
suggested  that  it  may  be  wise  to  consider  the  addition 
of  two  extra  channels  to  provide  flexibility  for 
adapting  new  techniques  and  applications.  This  would 
give  a  total  of  8  channels,  one  forward,  one  aft  and  6 
nadir. 

These  studies  also  indicate  that  spectral  bands  useful 
to  forestry  applications  range  from  395nm  to 
approximately  3ftm,  and  that  for  some  of  these 
discrimination  is  enhanced  by  narrowing  the  bandwidths 
to  6nm  and  less.  At  the  present  time  we  are  constrained 
to  consider  only  the  3a0nm  to  lOOOnm  region  by  the 
availability  of  detector  arrays  that  satisfy 
requirements  yet  to  be  discussed. 

In  order  to  provide  the  same  efficient  aerial  coverage 
as  is  presently  realized  with  photographic  mapping 
cameras,  the  new  digital  systems  must  have  comparable 
angular  fields-of-view  and  resolutions.  These 
requirements  impose  major  demands  both  on  the  lenses  and 
on  the  detector  arrays.  The  angular  field-of-view 
should  be  sufficient  to  give  a  swath  width  of  15km  from 
an  achievable  altitude,  e.g.  10-12km;  this  results  in 
FOV's  of  64°-74^ 

The  spatial  resolution  issue  becomes  somewhat  more 
complicated  in  a  multi-purpose  sensor.  Topographic 
mapping  via  established  photogramraetric  techniques 
requires  high  resolution  aerial  photography  which  is 
provided  by  high  quality  mapping  cameras  using  fine¬ 
grained  black  and  white  films.  Point  features  in  the 
target  are  used  for  the  photogrammetric  measurements. 
It  is  adequate  just  to  be  able  to  distinguish  these 
features,  which  are  often  high  contrast. 

In  the  forestry  applications,  on  the  other  hand,  it  is 
necessary  to  bo  obis  to  nioks  occurots  rodionistrlc 
measurements  of  the  various  target  features.  In  the 
context  of  the  design  of  MEIS  FM  it  is,  therefore,  the 
forestry  application  that  places  the  greater  dem.and  on 
the  resolution  related  properties  of  the  lens-detector 
combination.  This  situation  is  accentuated  by  the  fact 
that  narrow  spectral  bands  are  required  for  forestry, 
whereas  relatively  broad  bands  can  be  used  for  mapping. 
This  means  that  for  the  multi-purpose  HEIS  FM  the  lens 


is  required  to  be  large  aperture  and  at  the  same  time 
have  a  modulation  transfer  function  (MTF)  sufficient  to 
give  accurate  single  pixel  radiometric  measurements. 
(The  radiometric  accuracy  increases  with  increasing 
system  MTF  and  decreases  with  increasing  scene 
modulation.)  This  combination  of  wide  angle  FOV,  large 
aperture  and  high  MTF  is  difficult  to  achieve  and  is  not 
provided  even  by  the  best  existing  mapping  camera  lens 
designs.  We  are  currently  having  a  lens  designed  at  the 
National  Research  Council,  Ottawa,  specifically  for  use 
in  a  long  linear  array  camera  with  just  this  combination 
of  characteristics. 

The  forest  mapping  application  requires  a  resolution- 
swath  width  combination  that  can  be  achieved  only  by  a 
detector  array  that  is  at  least  4300  elements  long.  The 
cartographic  application  addresses  a  range  of  scales 
with  a  commensurate  range  of  position  accuracies.  The 
greater  the  number  of  elements  in  the  detector  array, 
the  better  the  position  accuracy  achievable  from  a  given 
flying  altitude.  One  should  therefore  choose  the 
longest  available  array  that  satisfies  the  sensitivity 
and  MTF  requirements.  A  6000  element  array  would 
provide  a  swath  width  of  3km  with  0.5m  pixels  for  forest 
inventory  or  a  swath  width  of  15km  with  2.5m  pixels  for 
1:20  000  scale  topographic  mapping. 

Another  parameter  that  impacts  the  resolution  achievable 
by  such  a  sensor  is  the  image  line  or  scan  line  rate. 
One  of  the  forestry  applications,  high  resolution 
sampling,  is  best  served  by  a  resolution  of  0.25m.  For 
this  particular  mode  of  operation  in  an  aircraft  that 
is  also  capable  of  altitudes  of  10-12km  (for  topographic 
mapping),  line  rates  as  high  as  320  lines  per  second 
will  be  required.  This  in  turn  demands  digitization 
rates  up  to  1.92MHz  per  channel. 

Twelve  bit  digitization  is  chosen  to  be  commensurate 
with  the  demonstrated  dynamic  ranges  of  such  sensors  and 
with  the  capabilities  of  modern  digitizers.  While  the 
state-of-the-art  image  analysis  of  varied  forest  targets 
does  not  yet  demand  1  part  in  4000  radiometric 
precision,  the  extra  range  will  benefit  the  analysis  of 
imagery  having  large  intrascene  dynamic  ranges  resulting 
from  solar  incidence  angle  variations.  The  price  for 
this  is  a  bit  rate  of  5.84Hbits  per  second  per  channel 
for  1:20  000  scale  mapping  to  23.3Mbits  per  second  per 
channel  for  high  resolution  sampling  at  a  pixel  size  of 
0.25m. 

In  addition  to  the  foregoing  performance  requirements, 
there  is  the  usual  demand  that  the  target  reflectance 
be  measurable  to  some  specified  accuracy  for  a  given 
solar  elevation  angle.  This  condition  imposes  a  lower 
limit  on  the  signal  to  noise  ratio  (SNR)  which  in  turn 
is  achieved  first  by  minimizing  sensor  readout  noise  and 
then  increasing  system  dtendue  or  optical  throughput  to 
meet  the  accuracy  criterion.  The  latter  task  becomes 
the  challenge  as  both  large  aperture  and  wide  angular 
field  of  view  work  to  reduce  the  MTF.  However,  the  MTF 
must  be  high  to  give  accurate  single  pixel  radiometric 
and  reflectance  measurements.  At  the  same  time  a  poor 
SNR  results  in  a  reduced  effective  MTF. 

In  the  recent  development  of  arrays  4096  elements  and 
longer,  the  trend  has  been  to  smaller  element  size. 
While  this  enables  one  to  design  a  more  compact  sensor, 
it  reduces  detector  area  and  hence  optical  throughput 
and  signal -to-noise  ratio.  Clearly  the  preference  is 
for  the  larger  detector  element.  One  other  potential 
problem  with  long  arrays  is  the  increased  potential  for 
smearing  resulting  from  less  than  perfect  charge 
transfer  efficiency  (CTE).  As  an  example,  the  Nyquist 
rate  MTF  for  the  last  pixel  out  as  compared  to  the  first 
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out  for  a  6000  element  array  with  two  3-phase  shift 
registers  having  a  respectable  CTE  of  0.99996  will  be 
only  0.49.  One  must,  therefore,  place  a  premium  on  CTE 
when  working  with  the  longer  arrays. 

3.2  Critical  Ancillary  Subsystems 

Of  the  various  ancillary  components  In  the  airborne 
segment  we  select  two  that  are  critical  to  the  success 
of  the  overall  system.  One  Is  the  Inertial  navigation 
system  (INS),  the  other  the  Image  data  recorder. 

The  INS  data  Is  used  to  correct  the  Imagery  for 
distortions  Induced  by  aircraft  pitch,  roll  and  yaw. 
The  accuracy  of  these  corrections  determines  the 
accuracy  of  the  resulting  mapping  data.  If  one  requires 
relative  accuracies  approaching  the  sensor  pixel  size, 
for  example,  2.Sm  planimetric  and  2m  elevation 
accuracies  from  an  11km  altitude,  then  the  aircraft 
attitude  angles  must  be  measured  to  accuracies 
approaching  10  arc  seconds. 

The  Image  data  recorder  Is  another  challenging  area  In 
view  of  the  high  data  output  rates  achieved  with  this 
sensor  design.  Eight  channels,  each  with  6000  Image 
pixels  and  80  ancillary  data  words  digitized  to  12  bits 
when  output  at  the  highest  line  rate  of  320  lines  per 
second,  give  a  total  data  rate  of  186.8Hb1ts  per  second. 
Standard  14  track  high  density  tape  recorders  commonly 
used  today  have  a  maximum  rate  of  3.5Kb1ts  per  second 
per  track  or  49  Mbits  per  second,  falling  far  short  of 
what  will  be  required.  Fortunately,  various 
manufacturers  are  currently  developing  helical  scan 
magnetic  tape  recorders,  some  of  which  have  design  goals 
of  recording  rates  twice  that  required  by  this  line 
Imager. 

4.  SUMMARY 

The  basic  specifications  of  a  linear  array  Imager  for 
operational  use  In  topographic  mapping  and  forest 
Inventory  have  been  presented.  This  sensor,  based  on 
the  HEIS  design,  should  have  8  channels,  of  which  one 
Is  forward  (+35'’)  and  one  aft  looking  (-35'’).  The 
Imager  should  have  an  angular  fleld-of-view  of  70°  In 
order  to  achieve  a  15km  swath  width  from  an  altitude  of 
approximately  11km.  The  detector  array  should  have  6000 
elements  to  give  2.5m  pixels  at  this  altitude. 

An  Investigation  of  the  Implications  of  these 
requirements  Indicates  that  both  the  lenses  and  the 
arrays  are  critical  components.  The  lenses  must  be 
relatively  wide  angle  to  achieve  the  desired  fleld-of- 
view;  they  mu^t  have  a  relatively  large  numerical 
aperture  to  achieve  the  optical  throughput  and  the 
desired  signal -to-nolse  ratio;  they  must  also  have  a 
high  MTF  across  the  Image  field  to  achieve  reasonable 
single  pixel  radiometric  accuracies.  Even  the  best 
mapping  camera  lenses  fall  to  satisfy  all  these 
criteria;  a  development  effort  Is  underway  to  design, 
fabricate  and  test  a  custom  lens  for  the  purpose. 

The  detector  arrays  should  be  more  than  4300  elements 
long  and  preferably  the  longest  available  (6000). 
Special  consideration  should  be  given  to  detector 
element  area,  to  Increase  optical  throughput,  and  to 
shift  register  charge  transfer  efficiency  to  optimize 
MTF.  It  should  be  possible  to  clock  these  at  a  rate 
sufficient  to  give  320  lines  per  second,  this  to  achieve 
the  spatial  resolution  desired  for  forestry  Inventory 
sampling. 

Other  critical  subsystems  Include  the  aircraft  attitude 
sensing  device  and  the  Image  data  recorder.  In  order 


to  achieve  the  desired  geometric  accuracy  for 
topographic  mapping,  the  aircraft  heading,  pitch,  and 
roll  angles  should  be  measured  to  10  arc  seconds.  The 
Imager  specified  here  will  output  data  at  rates  up  to 
186.8Hb1ts  per  second.  Presently  available  tape 
recorders  are  unable  to  keep  pace.  However,  a  number 
of  manufacturers  are  developing  helical  scan  magnetic 
tape  recorders  that  will  take  these  and  Indeed  higher 
data  rates. 

Data  from  this  system  will  be  radlometrically  and 
geometrically  corrected,  the  stereo  Imagery  analysed, 
and  georeferenced  digital  terrain  models  and  ortho 
Images  produced  on  a  ground-based  fast  digital 
processor.  These  will  meet  the  criteria  for  the 
production  of  topographic  maps  and  for  forest  Inventory. 


TABLE  1.  NEIS  FN  SPECIFICATIONS 

No.  of  Channels 

6  nadir 

1  forward  at  +35° 

1  aft  at  -35° 

Angular  Fleld-of-Vlew 

O 

o 

No.  of  Pixels  Per  Image  Line 

6000 

Spectral  Range 

380-1000nm 

Spectral  Band  Width 

down  to  6nm 

Digitization 

12  bits 

Image  Line  Rates 

80-320HZ 

Data  Rate 

(Including  Ancillary  Data) 

46. 7-186. 8Hb1ts/sec 
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ABSTRACT 

This  paper  describes  objectives  and  activities  of  the  Forestry 
Canada  Remote  Sensing  Working  Group  (FCRSWG).  The 
FCRSWG  was  established  on  September  19, 1985  in  Ottawa. 
Members  come  from  each  of  Forestry  Canada’s  Headquarters,  the 
six  regional  establishments,  and  the  Petawawa  National  Forestry 
Institute  (PNFI).  A  statement  of  the  role  of  Forestry  Canada’s 
remote  sensing  research  and  development  was  prepared  by  tlic 
Working  Group. 

This  FCRSWG  meets  once  a  year  to  discuss  past,  current  and 
future  remote  sensing  developments  in  forestry  of  common  inter¬ 
est,  to  coordinate  member  activities,  and  to  share  information  on 
individual  research  programs.  Topics  include  hardware  and  soft¬ 
ware  acquisitions  of  individual  members,  cooperative  research  and 
a  variety  of  special  topics  and  joint  initiatives.  We  intend  to  work 
cooperatively  to  enhance  forestry  remote  sensing  in  Canada. 


Keywords;  Forestry  Canada,  Remote  Sensing,  Working  Group, 
Research. 


1.  INTRODUCTION 

Forestry  Canada  is  the  main  focus  for  forestry  matters  in  the 
federal  government  It  provides  national  leadership  through  the 
development,  coordination,  and  implementation  of  federal  policies 
and  programs  to  enhance  long-term  economic,  social,  and  environ¬ 
mental  benefits  to  Canadians  from  the  forest  sector.  The  Depart¬ 
ment  is  a  decentralized  organization  with  six  regional  forestry 
centres,  two  national  research  institutes,  and  seven  regional  sub¬ 
offices  located  across  Canada.  Forestry  Canada  Headquarters  is 
located  in  the  national  capital  region. 

The  research  programs  in  Forestry  Canada  include  forest  re¬ 
sources,  forest  protection,  and  environment.  Forestry  remote 
sensing  research  provides  a  tool  to  tackle  problems  in  all  three  of 
these  major  areas  There  is  also  a  need  for  technology  transfer  and 
advisory  functions  to  assist  forest  managers  in  making  optimal  use 
of  remote  sensing. 


2.  FORESTRY  CANADA  REMOTE  SENSING  WORKING 
GROUP 

Because  of  decentralization.  Forestry  Canada  has  developed  a 
system  of  working  groups  to  help  bring  scientists  together  to 
improve  contacts  and  to  facilitate  and  coordinate  research  activi¬ 
ties  across  the  country  in  each  program  area.  FCRSWG  was  one  of 
the  first  of  these  to  be  established  and  the  first  to  prepare  a  state¬ 
ment  of  role  and  functions  on  which  this  paper  is  based. 

The  FCRSWG  was  established  on  September  19, 1985  in  Ottawa. 
Members  are  scientists  that  come  from  each  of  the  six  regional  es¬ 
tablishments  and  the  Petawawa  National  Forestry  Institute  (PNFIj. 
It  is  chaired  by  a  scientist  who  is  elected  by  members  to  serve  a 
two-yCiV  term.  Forestry  Canada  Headquarters  provide  a  scientific 
advisor  to  act  as  secretary-coordinator.  The  FCRSWG  meets  once 
a  year  and  has  a  supportive  role  in  Forestry  Canada  remote  sensing 
research  and  development,  primarily  in  the  areas  of  program 
development  and  coordination,  and  in  information  dissemination. 
Scientists  take  turns  hosting  meetings,  and  usually  assemble  a  1- 
day  workshop  to  highlight  ongoing  remote  sensing  activities  in 
their  regions.  The  1987  meeting  was  in  Toronto  and  the  1988 
meeting  was  in  Victoria. 

3.  THE  OBJECTIVES  OF  THE  WORKING  GROUP 

The  objectives  of  the  FCRSWG  are  to  contribute  to  Forestry 
Canada  remote  sensing  research  program  development  and  direc¬ 
tion,  and  facilitate  cooperative  studies  among  Forestry  Canada’s 
remote  sensing  scientists.  The  FCRSWG  also  provides  expert 
advice  on  remote  sensing  technology  to  Forestry  Canada  headquar¬ 
ters,  regions,  and  institutes.  It  provides  coordination  in  acquisition 
and  use  of  Forestry  Canada  remote  sensing  equipment  and  facili¬ 
ties,  and  makes  recommendations  on  the  purchase  of  new  equip¬ 
ment.  It  facilitates  Forestry  Canada  contacts  in  remote  sensing  with 
other  agencies,  and  provides  coordinated  input  in  remote  sensing 
research  and  development  to  Forestry  Canada  and  interdepartmen¬ 
tal  planning  processes.  It  also  promotes  application  of  advanced 
remote  sensing  technology  to  various  disciplines  within  Forestry 
Canada. 
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4.  FORESTRY  REMOTE  SENSING  RESEARCH 

FORESTRY  APPLICATIONS:  Forestry  applications  are  the  core 
of  the  Forestry  Canada  remote  sensing  program.  This  generally 
involves  defining,  identifying,  modifying,  and  developing  method¬ 
ologies  for  applying  remote  sensing  to  forestry  problems.  Forestry 
Canada  endeavours  to  maintain  a  strong  remote  sensing  applica¬ 
tions  research  component  and  cooperates  with  other  agencies  in  the 
development  of  forestry  applications.  Forestry  Canada  promotes 
and  facilitates  forestry-related  research  and  research  impacting  for¬ 
estry  applications  conducted  by  other  agencies  and  groups  involv¬ 
ing  remote  sensing.  Two  examples  of  this  type  of  activity  are  Jean 
Beaubien’s  Quebec  North  Shore  vegetation  mapping  with  Hydro 
Quebec  using  Landsat  Thematic  Mapper  data,  and  Y.  Jim  Lee’s 
digital  analysis  assessment  of  root  disease  damage  with  Vancouver 
Forest  Region  using  MEIS  data. 

RESEARCH  INTO  THE  PRINCIPLES  OF  REMOTE  SENSING: 
Research  into  the  fundamentals  and  physics  of  forestry  remote 
sensing  is  essential  if  major  advances  are  to  be  made,  and  if  remote 
sensing  systems  are  to  be  optimized  for  forestry.  Forestry  Canada 
maintains  expertise  in  this  area  and  conducts  research  to  build  up 
an  understanding  of  the  physics  of  forestry  remote  sensing.  Howr 
ever,  this  activity  is  not  a  major  priority  and  is  pursured  through 
cooperation  with  Canada  Centre  for  Remote  Sensing  (CCRS)  or 
other  groups.  One  example  of  this  type  of  activity  is  the  spectral 
reflectance  studies  at  PNFI  in  cooperation  with  CCRS. 

SENSOR  DEVELOPMENT;  Forestry  Canada  has  a  role  in  the  de¬ 
velopment  of  sensors  where  they  are  relevant  to  forestry  problems. 
That  role  is  to  specify  the  sensor  design  parameters  and  to  facilitate 
and/or  help  to  fund  the  development  of  the  sensor.  An  example  of 
this  type  of  activity  is  the  development  of  the  Advanced  Linear 
Array  Imager  for  Forestry  (MEIS  F/M)  at  PNFI. 

TECHNOLOGY  TRANSFER:  Forestry  Canada  supports  the  im¬ 
plementation  of  new  remote  sensing  technologies  in  user  agencies 
through  advice  and  consultation,  pilot  projects,  workshops,  and 
demonstrations. 


5.  AcnvrnEs  of  the  fcrswg 

The  FCRSWP  has  proposed  collective  initiatives  to  various  agen¬ 
cies.  These  have  involved:  (1)  a  federal  interdepartmental  space 
plan,  (2)  the  European  Space  Agency’s  ERS-1  program,  (3)  detec¬ 
tion  of  early  signs  of  acid  rain  damage  to  Canada’s  forests,  using 
ARNEWS  (Acid  Rain  National  Early  Warning  System)  permanent 
sample  plots  established  by  the  Forestry  Canada’s  Forest  Insect 
and  Disease  Survey,  (4)  development  of  an  Advanced  Linear  Array 
Imager  for  forestry  (MEIS-F/M),  and  (5)  participation  in  NASA’s 
Second  ISLSCP  (International  Satellite  Land  Surface  Climatology 
Project)  Field  Experiment  (SIFE).  The  FCRSWG  is  currently 
working  on  remote  sensing  contributions  to  a  five-year  Forestry 
Canada  strategic  plan  for  forest  management  systems. 


6.  HIGHLIGHTS  OF  MEMBERS’  CURRENT  ACTIVITIES 

Newfoundland  Forestry  Cenu-e  (NeFC): 

Dr.  B.A.  Roberts  is  cooperating  with  Dr.  Bajzak  of  the  Memorial 
University  to  survey  the  Churchill  Falls  reservoir  using  Landsat 


TM  data.  A  contract  report  on  the  use  of  SPOT  and  Landsat  TM 
for  monitoring  the  Hawkes  Bay  hemlock  looper  defoliadon  was 
completed  in  1989  for  the  NeFC. 

Maritimes  Forestry  Centre  (MFC): 

Mr.  D.  Ostaff  is  working  in  cooperation  with  PNFI  on  airborne 
MEIS  data  to  determine  the  spectral  signatures  of  tree  species, 
degree  of  defoliation,  tree  components,  and  herbicide  injury  on 
tamarack  and  white  pine  in  New  Brunswick. 

Laurendan  Forestry  Centre  (LFC): 

Mr.  J.  Beaubien  is  working  on  several  aspects  of  image  analysis, 
including  the  creation  of  “pseudo”  spectral  bands  by  linear  combi¬ 
nations  of  the  original  bands,  development  of  software  for  image 
slicing,  and  development  of  classification  methodologies  based  on 
colors  of  simplified  enhancements  (a  pseudo-classificadon  algo¬ 
rithm). 

Petawawa  National  Forestry  Institute  (PNFI): 

The  remote  sensing  research  project  (Dr.  D.  Leckie,  Project 
Leader)  at  PNFI  is  concentradng  on  the  use  of  MEIS  data  to  study 
species  identification,  crown  diameter,  tree  counts,  stereo  tree 
height  determination,  single  tree  classification,  budworm  spectral 
reflectance,  budwonn  damage,  and  single  tree  budworm  defolia¬ 
tion  assessment.  Other  PNFI  studies  include  Landsat  TM  and 
imaging  spectrometer  assessments  for  budworm  damage,  combin¬ 
ing  airborne  radar  with  MSS  for  forest  mapping,  conifer  regenera¬ 
tion  with  Landsat  TM  and  SPOT  spring  imagery,  conifer  regenera¬ 
tion  monitoring  with  Landsat  MSS  multidate  imagery,  survey  of 
costs  of  inventory  map  production,  and  survey  of  forest  inventory 
update  procedures. 

Great  Lake  Forestry  (Centre  (GLFC): 

Dr.  R.A.  Sims  is  working  on  forest  cover  type  and  site  classifica¬ 
tion  assessment  using  Landsat  TM  integrated  with  a  Geographic 
Information  System  (GIS)  for  cutover  updating,  identification  of 
new  road  networks,  and  development  of  spruce  budwonn  vulnera¬ 
bility  ratings.  Large-scale  35  mm  photo  sampling  and  conventional 
air  photo  interpretation  are  being  used  for  forest  ecosystem  map¬ 
ping  in  northwestern  Ontario.  A  contract  study  is  bein"  conducted 
by  the  Ontario  Centre  for  Remote  Sensing  on  regeneration  assess¬ 
ment  using  Landsat  TM  and  SPOT  imagery. 

Northern  Forestry  Centre  (NoFC): 

Mr.  R.J.  Hall  is  working  on  (a)  the  statistical  accuracies  of  map¬ 
ping  recent  cutovers  using  Landsat  TM  and  MSS  data,  SPOT 
imagery,  and  airborne  BAR  imagery  in  cooperation  with  the  Al¬ 
berta  Forest  Service  and  CCRS,  (b)  development  of  digital  en¬ 
hancements  from  MEIS  data,  (c)  determination  of  optimum  large- 
scale  photo  exposure/processing  parameters  for  forest  inventory, 
and  (d)  investigation  of  remote  sensing  and  GIS  methodologies  for 
spatial  modelling  of  jack  pine  budworm  defoliation  in  Sas¬ 
katchewan  Mr  W  C.  Moore  has  been  involved  in  arranging  a 
demonstration  flight  of  the  NASA  ER-2  (U2)  aircraft  over  Alberta 
in  1988  and  1989  for  acquisition  of  airborne  BAR  imagery. 

Pacific  Forestry  Centre  (PFC): 

Dr.  Y.J.  Lee  is  working  on  remote  sensing  applications  to  pest 
damage  appraisal  and  Ibrest  weed  control  strategies,  a  microcom¬ 
puter  database  system  for  updating  forest  resource  inventories 
using  satellite  digital  data,  and  computer  digitization  and  digital 


2396 
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ABSTRACT 

The  Brazilian  Parana  pine  is  one  of  the  most  important 
trees  of  the  subtropical  forest  in  southern  Brazil.  In 
the  mature  stage,  the  tree  presents  a  dominant  crown 
with  an  umbrella  like  shape.  This  paper  deals  with 
the  crown  counting  of  Parana  pine  trees  as  observed  on 
35  mm  aerial  vertical  color  photos, in  scale  1:2.033, 
from  a  3,8  hectares  forest  area  located  in  the  urban 
area  of  Curitiba,  Parana  State.  The  photo-interpreta¬ 
tion  consisted  mainly  of  crown  delineation  and  was 
carried  out  by  three  interpreters  with  different  tech¬ 
nical  knownledgement  in  the  subject.  According  to  the 
data  collected  in  the  field  work,  a  map  was  prepared 
showing  the  spatial  position  of  194  Parana  pines,  of 
which  145  could  be  delineated  from  the  photos.  The  in¬ 
terpreters  did  not  sketched  the  same  crowns,  the  diffe¬ 
rences  are  related  with  the  size,  shape  and  number  of 
crowns  and  the  degree  of  generalization  in  the  dense 
crown  areas.  The  best  results  acquired  by  two  interpre¬ 
ters  was  68, 3^.  As  seen  on  aerial  photos  by  the  inter¬ 
preters,  42,32  to  50,52  of  the  vegetation  on  the  area 
is  covered  by  crowns  of  Parana  pine. 

KEY  WORDS:  Parana  pine  counting, 35  mm  aerial  photos 
1.  INTRODUCTION 

Parana  pine  (  Araucaria  angustifolialBert. )  0.  Ktzel  is 
one  of  the  most  important  trees  of  the  Araucaria  forest 
which  is  a  special  association  of  the  wet  tropical  Fo¬ 
rest.  Araucaria  forest  occurs  in  several  countries  of 
South  America, but  the  largest  area  is  located  in  the 
states  of  Parana, Santa  Catarina  and  Rio  Grande  do  Sul 
in  the  southern  region  of  Brazil. 

In  the  mature  and  old  age  natural  forest  the  Parana 
Pine  is  the  most  common  and  dominant  species.  It  usu¬ 


ally  form  the  main  part  of  the  stand  and  has  a  compa¬ 
rative!  ly  well  developed  and  circular  crown,  with  a 
candelabra  shape.  Taken  in  account  these  caracteri sties 
it  is  easy  to  identify  Parana  pine  in  the  aerial 
photographs  (  Disperati  ,1981). 

Even  though  the  considerable  advantage  for  photo-in¬ 
terpretation  studies,  no  research  was  carried  out  to 
evaluate  the  accuracy  for  counting  Parana  pine  in 
aerial  photos.  The  present  study  was  set  up  in  order 
to  fill  out  the  mentioned  gap.  Large  scale  35  mm 
aerial  p  -tos  were  used,  the  results  from  three  dife- 
rents  interpreters  were  compared  in  order  to  evaluate 
the  precision  of  such  methodology. 

2.  MATERIALS  AND  METHODS 
2.1.  Study  area 

The  study  area,  known  as  "Capao  da  Imbuia",  is  located 
in  a  suburb  of  Curitiba  city, capital  of  Parana  state, 
and  ten  kilometers  east  from  the  downtown.  The  topo¬ 
graphy  of  the  study  area  is  flat  and  the  natural  forest 
covers  near  all  its  3,8  hectares.  The  area  was  trans¬ 
formed  in  a  "  preservation  area"  and  it  can  be  consi¬ 
dered  as  unmanaged  for  the  last  20  years. 

The  vegetation  of  “Capao  da  Imbuia"  is  typic  of  Arau¬ 
caria  forest. 

According  to  the  social  structure  of  the  forest,  three 
different  canopies  are  found  in  the  study  area.  The 
first  is  formed  by  the  crowns  of  the  dominant  trees  , 
mainly  Parana  pine.  The  second  canopy,  formed  by  the 
codominant  and  intermediate  trees  is  also  occupied  by 
crowns  of  Parana  pine  united  with  other  few  species, as 
"imbuia'VOcotea  Dorosal."canela  Dreta"(Ocotea  cathari- 
nensis)."canela  auaiaca"(Ocotea  ouberulal  and  "caroba" 
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(Jacaranda  micrantha).  The  third  and  last  canopy  is 
formed  by  the  crowns  of  dominated  and  suppressed  trees 
and  represented  mainly  by  mirtaceas  trees. 

According  to  the  size  of  some  Parana  pine  and  other 
dominant  trees,  the  age  of  the  forest  can  be  estimated 
as  close  to  200  years  old.  The  highest  tree  found  in 
the  area  is  one  Parana  pine  with  30,0  meters  height  , 
measures  3,3  meters  of  d.b.h.  and  18,8  meters  of  mean 
crown  diameter. 

2.2.  Aerial  photos 

The  35  tm  aerial  photographs  were  taken  at  3:45  pm  on 
October  3rd,  1985,  using  a  profissional  35  mm  camera 
Canon  FI  equipped  with  50  mm  focal  lens,  in  a  Meyer 
camera  mount  support  (Meyer, 1972)  adapted  in  a  right 
door  of  a  high  wing  aircraft. The  flight  height  was 
400  IP  above  the  terrain  and  after  the  enlargements 
(lOcm  by  15cm)  made  from  the  conventional  color  nega¬ 
tives  with  100  ASA,  the  photos  had  a  scale  1:2.033. 

The  forest  area  was  entirely  covered  by  only  one  flight 
line  witi)  six  stereoscopic  photos  with  80%  of  longitu¬ 
dinal  overlap. 

2.3.  Photo-interpretation 

The  photo- interpretation  was  carried  out  by  three 
different  interpreters.  The  first  (A)  had  a  theoretical 
and  practical  experience  in  the  subjectjthe  second  (8) 
was  envolved  only  one  year  with  aerial  photo- interpre¬ 
tation  and  the  third  interpreter(C)  had  no  experience 
at  all  with  the  subject  and  was  trained  specifically 
for  the  task.  All  the  interpreters  were  envolved  in 
some  aspects  with  the  Forest  School.  Each  interpreter 
was  asked  to  perform  the  same  task,  as  follow;  to 
sl'.etch  the  perimeter  of  the  study  area, the  roads, buil¬ 
dings  and  lake  that  are  found  in  the  area  and  also  the 
single  crowns  of  Parana  pine  and  where  this  was  not 
possible, to  delineate  the  dense  crowns  area  of  Parana 
pine. All  the  interpreters  used  the  same  mirror  stereos¬ 
cope  with  three  times  magnification  binocular.  The  time 
spent  by  each  interpreter  was  recorded  and  no  limit  was 
given  for  the  task. 

2.4.  Field  work 

An  intensive  field  work  was  carried  out  to  produce  a 
map  showing  the  spatial  position  of  all  the  Parana  pine 
in  the  area.  After  that  map  was  done,  another  map  was 
produced  showing  the  position  of  each  crown  of  Parana 
pine  appearing  in  the  following  canopies:  dominate, co- 
dominante  and  intermediate.  It  was  assumed  that  all  the 
mentioned  crowns  could  be  seen  on  the  35nim  photos. 


2.5.  Analysis  of  the  data 

The  resulted  maps  were  analysed  by  qualitative  and 
quantitative  methods.  In  the  first,  the  maps  were  vi¬ 
sually  compared  with  the  ground  crown  map.  In  the  se¬ 
cond  two  different  ways  were  used.  In  the  first,  the 
study  area  was  divided  in  5  stands  and  in  each  stand 
it  was  compared  each  crown  delineated  with  the  crown 
map.  This  would  make  easy  the  comparison  analysis  in 
order  to  verify  if  each  single  crown  sketched  on  the 
photos  was  representing  only  one  or  more  Parana  pine. 
In  the  second  way, it  was  determined  the  crown  surface 
of  the  Parana  pine  using  dot  grid  with  16  points  per 
square  centimeter  placed  over  the  transparencies  con¬ 
taining  the  photo-interpretation. 

3.  RESULTS  AND  DISCUSSION 

In  the  present  study  it  was  used  enlarged  35  mm  aerial 
photos  in  a  scale  1:2.033.  The  use  of  large  scale 
photos  is  not  frequent  in  studies  of  photo-interpreta¬ 
tion  carried  out  in  Parana  state.  The  majority  of  the 
photogranmetric  aerial  surveys  in  the  state,  result  in 
conventional  aerial  photographs  in  scales  ranging 
between  1:8.000  to  1:25.000. 

With  the  field  work  data,  a  map  (fig  1.)  in  scale 
1:500,  was  produced  showing  the  spatial  position  of 
194  Parana  pine  trees  occuring  in  the  study  area.  From 
this  total  number,  it  was  assumed  that  only  145  crowns 
of  Parana  pine  could  be  seen  on  the  35  mm  photos, 
since  42  trees  were  considered  as  suppressed  and  seven 
presented  no  crown  at  all. 

The  crown  maps  resulted  from  the  photo-interpretation 
are  showed  in  fig  2,3  and  4.  These  maps  are  not  exactly 
the  same, notwithstanding  of  some  similarities  ;  the  in¬ 
terpreters  B  and  C  produced  more  detailed  crown  maps. 

The  size  and  the  shape  of  the  crowns  were  not  sketched 
igually  by  the  interpreters.  For  the  interpreter  B 
near  all  the  crowns  were  near  circular.  Although  these 
differences  are  not  important  in  the  context  of  this 
study  and  they  can  be  partially  explained  by  the  varia¬ 
tions  in  the  skill  of  the  interpreters,  careful  1  ana¬ 
lysis  about  these  variations  roust  be  taken  in  studies 
related  with  the  crown  diameter  and  crown  area  measu¬ 
rements  on  the  aerial  photographs. 

The  analysis  of  the  quantitative  data  reported  on 
table  1  confirm  that  the  interpreter  A  did  a  less 
detailed  photo-interpretation  resulting  less  crowns 
sketched  but  with  larger  surface  of  crowns. 
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Fig  1.  Location  of  Pacana  Pine  in  "Capao  da  Imbuia" 


Fig  3. Photo-interpretation  crown  map  (interpreter  B) 
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Fig  2.  Photo-interpretation  crown  map( Interpreter  A) 

From  the  82  single  crowns  delineated  by  the  interpreter 
A,  73  were  rorrecteo  and  represented  individual  trees. 
Each  of  the  other  9  single  crowns  was  representing  a 
different  cluster  of  trees.  Using  the  same  analysis, 
the  interpreters  B  and  C  had  a  better  performance  than 
interpreter  A. 

Taken  in  consideration  the  relationship  between  the 


Fig  4.  Photo-interpretation  crown  map  (interpreter  C) 

total  numbers  of  single  sketched  crowns  and  the 
possible  145  trees  to  be  mapped,  the  performance  of 
the  interpreter  A  was  82  i  145  =  56,5%.  These  values 
for  the  interpreters  B  and  C  were  75,2%  and  72,4% 
respective!  ly. 

For  the  interpreter  A,  11%  of  its  total  sketched 
crowns  were  representing  different  number  of  trees. 
For  the  interpreters  B  and  C  those  values  were  5,2% 
and  5,8%  respective! ly.  The  comparison  between  the 
number  of  Parana  pine  and  the  numbers  of  sketched 
crowns  in  each  of  the  five  stands  of  "Capao  da  Imbuia 
is  reported  by  DisperatiSSkalski  (1988). 

With  the  data  from  the  interpreter  A,  50,5%  of  the 
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forest  area  in  "Capao  da  Iinbuia",  as  observed  from  the 
35  mm  aerial  photographs,  is  covered  by  crowns  of 
Parana  pine,  either  in  individual  or  clustering  of 
crowns.  The  values  acquired  from  the  others  two  inter¬ 
preters  were  near  the  same,  but  smaller  than  the  inter¬ 
preter  A. 

Table  1.  Numoer  of  crowns  and  percentage  of  crown 


surface  sketched  by  the  interpreters. 


INTERPRETER 

NUMBER  OF  CROWNS 

%  CROWN  SURFACE 

SKETCHED 

CORRECT 

SINGLE 

CLUSTER 

TOTAT 

A 

82 

73 

34,3 

16,2 

50,': 

B 

109 

99 

36,0 

7,3 

43,3 

C 

105 

99 

35,1 

6,5 

42,3 

As  reported  in  table  1,  the  total  results  acquired  by 
the  interpreters  B  and  C  are  near  the  same,  but  slight 
different  from  the  interpreter  A,  who  had  more  experi¬ 
ence  with  the  subject.  This  can  be  explained  by  the 
time  spent  in  the  photo-interpretation,  since  that 
for  the  interpreter  A  35  minutes  was  need,  while  the 
interpreters  B  and  C  used  twice  more  time,  70  and  75 
minutes  respective! ly.  Probably,  due  his  experience, 
the  interpreter  A  did  not  give  much  attention  to  the 
interpretation,  as  did  the  other  interpreters.  The 
photo-interpretation  is  subjective,  but  if  the  inter¬ 
preter  A  had  spent  more  time  in  the  interpretation  , 
probably  the  results  would  be  near  the  same  obtained 
by  the  interpreters  B  and  C  ,  at  least  with  variations 
of  few  crowns  sketched  and  small  differences  in  surfa¬ 
ce  of  crowns. 

The  results  obtained  in  this  paper  are  in  accordance 
with  Spurr  (1960)  that  pointed  out  that  crown  counts 
are  almost  universally  low  in  aerial  photos.  It  can 
be  recalled  that  the  present  results  could  be  improved 
considering  in  the  analysis  only  the  dominant  and 
co-dominant  Parana  pine  and/or  to  count  only  the  crowns 
instead  of  sketched  its  boundaries. 

4.  CONCLUSIONS 

The  main  conclusions  of  this  study  are: 

A)  The  throe  interpreters  did  not  delineated  the  same 
Parana  pine  crowns  ;  the  differences  were  observed 
in  shape,  size  and  level  of  interpretation, 

B)  The  two  less  experienced  interpreters  observed  near 
the  same  quantitative  values  of  the  photo-interpreta¬ 
tion.  The  more  experienced  interpreter  spent  near  half 


of  the  time  used  by  the  others  for  the  photo  interpre¬ 
tation  and  because  that  presented  less  precise  results, 

C)  The  interpreters  sketched  correctly  from  50,3%  to 
68,3%  of  all  the  145  possible  Parana  pine  to  be  seen 
on  the  aerial  photographs,  which  were  74%  of  all  the 
Parana  pine  counted  in  the  field, 

0)  42,3%  to  50,5%  of  the  forest  area  of  "Capao  da  Im- 
buia",  as  seen  on  the  photographs,  is  covered  by 
Parana  pine  crowns, 

E)Usin9  large  scale  .aerial  photographs,  there  is  no 
ne-:U  for  skilled  interpreters  to  sketched  crowns  of 
Parana  pine. 
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ABSTRACT 

The  use  of  digital  Landsat  MSS  data  provides  a  means  of  rapidly  mapping  major  cover  types 
in  northern  Saskatchewan.  Aerial  assessment  of  the  final  classification  indicates  good 
general  agreement  between  the  classification  results  and  actual  ground  data  for  most  cover 
types. 

Accuracy  assessment  on  a  pixel  by  pixel  basis  is  difficult  and  requires  the  location  of 
very  specific  sites  on  the  ground. 

The  majority  of  disagreements  between  the  FIM  and  the  thematic  maps  were  the  result  of 
differences  inherent  in  the  two  maps. 

1.  Species  resolution  of  the  FIH’s  allows  for  up  to  25%  of  undefined  commercial  forest 
species. 

2.  The  mapping  resolution  (minimum  area  mapped)  of  the  two  maps  differed  resulting  in 
some  loss  of  information  on  the  FIH  (4  pixels)  compared  to  the  thematic  map  (1- 
2  pixels). 

The  discrepancies  between  the  FIMs  and  a  digital  classification  of  two  turnovers 
indicated  that: 

1.  Areas  with  living  tree  canopy  but  "burnt"  ground  were  classified  as  turnover  on  the 
FIM  but  not  on  the  LTM. 

2.  Approximately  90%  of  the  discrepancies  occurred  within  the  non  productive 
classification  between  exposed  mineral  soil,  old  turnovers  with  little  regeneration 
and  more  recent  fires. 

3.  There  was  confusion  in  the  digital  classification  between  exposed  mineral  soil,  old 
turnovers  with  little  regeneration  and  more  recent  fires. 

Happing  natural  features  with  the  aid  of  digital  classification  of  Landsat  MSS  imagery 
results  in  reasonable  accuracy.  A  comparison  of  digitally  classified  thematic  maps  and 
existing  cover  maps  must  take  into  consideration  inaccuracies  and  resolution  differences 
between  the  two  maps. 

INTRODUCTION 

The  use  of  digital  Landsat  Multi -spectral  Scanner  (MSS)  data  provides  a  means  of  rapidly 
mapping  major  cover  types  in  northern  Saskatchewan.  Assessment  of  how  accurately  the 
resulting  classification  represents  the  actual  distribution  of  the  cover  types  or  other  forms 
of  mapping  require  investigation. 

This  paper  compares  the  accuracy  of  a  digital  classification  and  existing  forest 
inventory  maps  (FIM)  in  the  boreal  forest  region  of  Saskatchewan,  Canada.  The  paper  also 
investigates  the  use  of  Landsat  MSS  to  locate  and  map  burnovers  and  compares  this  method  to 
other  methodology  currently  in  use. 

STUDY  AREA 

The  Wapawekka  map  sheet  area  72-1  was  chosen  after  consultation  with  wildlife  and 
forestry  personnel.  The  region  is  located  in  east  central  Saskatchewan  between  54  and  55 
north  latitude  and  104  and  106  west  longitude  (Figure  1).  The  area  lies  in  the  boreal  forest 
region  of  Saskatchewan. 


In  the  more  southerly  portion  of  the  map  area  trembling  aspen  (Populus  tremuloides)  is 
common  on  till  soils.  The  lighter  soils  support  Jack  Pine  (Pinus  contorta) .  Both  black  and 
white  spruce  (Picea  mariana  and  P.  olaucal  occur  throughout  the  area,  although  black  spruce  is 
generally  more  common  (Head  et  al .  1981). 

The  most  dominant  big  game  animal  is  the  moose  (Alces  Alcesl .  A  wide  variety  of  small 
mammals  and  mammalian  predators  occur  within  the  area  as  well. 

METHODS 

Satellite  data  in  colour  transparency  and  computer  compatible  tape  (CCT)  form  were 
purchased  from  the  Prince  Albert  Satellite  Station  (PASS).  All  digital  analysis  were 
conducted  using  ARIES  II  software  from  the  OIPIX  company,  Ottawa.  Analysis  were  done  at  the 
Saskatchewan  Remote  Sensing  Centre  in  Saskatoon,  Saskatchewan. 

Two  MSS  images,  June  6,  1984;  October  8,  1984  were  chosen  as  working  images.  The  images 
were  geometrically  corrected  to  the  Universal  Transmercador  coordinates  (UIM)  and  resampled  to 
50  m.  An  unsupervised  classification  on  the  June  6  image  resulted  in  8  cover  types.  Han(ially 
theming  was  used  to  generate  the  remaining  four  classes.  Colour  thematic  maps  (CTH)  were 
printed  on  an  ACT  II  INKJET  plotter. 

The  accuracy  of  the  cover  mapping  was  assessed  in  two  ways: 

1.  Similar  cover  types  on  FIH  at  a  scale  of  1:12,000  were  colour-coded  and  overlain  on 
CTM  in  order  to  look  at  gross  agreement  between  the  two  forms  of  cover  type 
assessment.  Analysis  were  subjectively  reported. 

2.  A  more  detailed  assessment  of  agreement  between  the  CTH  and  the  FIM  consisted  of 
individual  pixels  at  the  intersection  of  UTH  coordinates  located  on  the  FIH. 

Are  calculations  of  burnovers  derived  from  Landsat  digital  analysis  were  compared  with 
dot  grid  counts  of  similar  information  contained  on  FIM.  Accuracy  assessment  compared  total 
areas  and  georeference  accuracy  between  the  geometrically  corrected  Landsat  thematic  maps  and 
the  FIM. 


RESULTS 

A  subjective  comparison  of  the  Landsat  thematic  cover  map  and  FIH  indicated  good  general 
agreement  between  the  two  data  sets  with  most  of  the  disagreement  occurring  at  the  pixel 
level . 

At  the  pixel  level,  disagreement  occurred  in  three  general  areas. 

1.  Confusion  between  cover  types. 

2.  Class  confusion  resulting  from  diff-  *ences  in  the  resolution  of  the  FIH  and  the 
Landsat  thematic  map  (LTH). 

3.  Differences  in  class  descriptions  between  the  FIH  and  the  LTH. 

Table  1.  A  Comparison  of  Sample  Units  from  the  Landsat  Thematic  Haps  to  Forest  Inventory 
Maps. 


Forest  Inventory  Categories 
%  Agreement 


Landsat 

Theme 

Hater 

Soft¬ 

wood 

Hard¬ 

wood 

Mixed- 

wood 

Treed 

Bog 

Open 

Muskeg 

Brush- 

land 

Lakes 

95.0 

1.4 

0.0 

0.7 

0.7 

0.7 

1.4 

Coniferous  Forest 

O.I 

64.5 

1.6 

8.6 

20.5 

2.5 

2.1 

Deciduous  Forest 

0.0 

10.8 

65.7 

16.6 

2.9 

0.0 

3.9 

Deciduous  Mixed  Forest 

0.0 

23.4 

21.0 

27.5 

10.2 

1.2 

4.2 

Treed  Bog 

0.4 

17.5 

2.5 

3.2 

51.1 

23.2 

2.1 

Open  Bog  Harsh 

0.0 

0.0 

0.0 

0.0 

52.5 

40.0 

7.5 

viillow/Shrufa 

0.0 

6.5 

8.7 

45.7 

34.8 

2.2 

Open  Jack  Pine 

0.0 

29.5 

0.0 

0.0 

34.1 

34.1 

2.3 

*  not  distinguished  from  the  general  softwood  category. 


The  major  sources  of  disagreement  occurred  when  undetected  areas  of  deciduous  or 
coniferous  forest  occurred  in  the  mixed  wood  class  (according  to  FIH)  and  where  upland 
coniferous  forest  was  confused  with  densely  treed  bog  and  vice  versa.  The  willow-shrub  class 
identifier  e  CTH  consisted  of  shrubby  components  which  could  occur  in  three  classes  on  the 
FIH,  i  e.  II.  J  bog.  Open  muskey  and  Brushland. 
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The  discrepancies  between  the  FIHs  and  a  digital  classification  of  two  burnovers 
indicated  that; 

1.  Areas  with  living  tree  canopy  but  "burnt"  ground  were  classified  as  burnover  on  the 
FIM  but  not  on  the  LTM. 

2.  Approximately  90%  of  the  discrepancies  occurred  within  the  non  productive 
classification  between  exposed  mineral  soil,  old  burnovers  with  little  regeneration 
and  more  recent  fires. 

3.  There  was  confusion  in  the  digital  classification  between  exposed  mineral  soil,  old 
burnovers  with  little  regeneration  and  more  recent  fires. 

The  GEM  tables  show  the  dot  counts  of  FIH  and  digital  classification  classes  and  the 
calculated  percent  similarity  of  the  classes  (Tables  2  and  3).  Class-area  calculations  for 
the  FlM’s,  the  digital  classifications  and  the  percent  similarity  of  the  classes  are  presented 
in  Table  4. 

Table  2.  GEH  Table  of  Dot  Counts  (0)  and  Percentage  Comparison  for  Montreal  Lake  and  Holiday 
Fire  Subarea  Classes  by  Data  Source  of  October  8,  1984  Imagery. 


FOREST  INVENTORY  CLASS 

Cl  ass 

Ac6 

DIGITAL  CLASSIFICATION 

Not  Class 

Ac6  Ac7 

Not 

Ac7 

6  (Ic6) 

5292 

488 

* 

■* 

Not  6 

554 

* 

•k 

* 

7  (Ic7) 

★ 

★ 

762 

292 

Not  7 

★ 

* 

84 

* 

%  Similarity 

+82 

+64 

%  Accuracy 

84 

67 

Table  3.  GEM  Table  of  Fire  Perimeter  Dot  Counts  (D)  and  Percentage  Comparison  for  the  Holiday 
Fire  Subarea  Classes  by  Data  Source  of  October  8,  1984  Imagery. 


DIGITAL  CLASSIFICATION 


FOREST  INVENTORY  CLASS 

Class  Ac6 

Not  Ac6 

Class  Ac7 

Not  Ac7 

6 

5774 

371 

* 

* 

Not  6 

341 

* 

* 

* 

7 

♦ 

it 

954 

124 

^  Not  7 

it 

it 

81 

* 

%  Similarity 

+88 

+81 

%  Accuracy 

89 

82 

Table  4.  Area  Calculations  in  Hectares  for  the  Montreal  Lake  and  Holiday  Fire  Subarea  Classes 

by  Data  Source  of  October  8, 

1984. 

} 

Forest 

Inventory 

Digital 

FOREST  INVENTORY  CLASS 

Hap 

Classification 

%  Similarity 

^  6 

2330.6 

2355.8 

+98.9 

f  7 

425.0 

345.5 

-81.3 

NOTE: 

{+)  Digital  Cis  .sification  Area  Oversized 
(-)  Digital  Clas.ification  Area  Undersized 
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HOLIDAY  FIRE  SUBAREA 

The  discrepancies  between  the  FIH’s  and  the  digital  classification  using  aerial 
photography  indicated  that: 

1.  Areas  with  living  tree  canopy  but  “burnt"  ground  were  classified  as  burnover  on  the 
FIH’s. 

2.  All  areas  with  living  tree  canopy  were  not  classified  as  "bu».  "  on  the  digital 
classification. 

3.  Approximately  90%  of  discrepancies  occurred  within  the  nonproductive  classification 
of  the  FIM’s. 

4.  There  was  confusion  in  the  digital  classification  between  exposed  mineral  soil  (fire 
guard),  old  burnovers  with  little  regeneration  and  more  recent  burns. 

The  geo-reference  accuracy  of  the  Holiday  Fire  {Ac6)  was  82.0%.  This  improved  to  88.4% 
{Ac6(P))  when  the  perimeter  of  the  fire  was  used.  Similarly,  when  looking  at  the  accura'cy  of 
the  Bird  Dog  Fire  (Ac?  and  Ac7(P))  using  its  perimeter,  an  increase  from  64.3%  to  81.0%  was 
found.  In  addition,  another  reason  for  the  changes  in  accuracy  is  the  relationship  between 
the  year  of  burn  and  the  date  of  the  Landsat  CCT.  Since  the  Bird  Dog  Fire  burned  in  1981  and 
the  Landsat  CCT  date  was  October  8,  1984  a  portion  of  the  burn  had  regenerated.  This 
explained  why  the  area  was  smaller  in  the  digital  classification.  Another  factor  of  concern 
was  the  level  of  accuracy  for  the  FIH’s  in  this  area.  A  comparison  of  the  1:50,000  NTS  maps 
and  FIH’s  indicated  that  the  UTH  grid  location  differed  but  topographical  features  in  relation 
to  each  other  were  accurate  to  98.2%,  which  explained  in  part  the  difference  between  the  area 
percentage  accuracy  of  81.3%  and  the  geo-reference  accuracy  at  64.3%. 

CONCLUSIONS 

Happing  natural  features  with  the  aid  of  digital  classification  of  Landsat  HSS  imagery 
results  in  reasonable  accuracy.  A  comparison  of  CTM  of  the  classification  and  existing  cover 
maps  (FIH)  must  take  into  consideration  inaccuracies  and  resolution  differences  between  the 
two  maps. 
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,  ABSTRACT 

The  characteristics  of  first  order  image 
intensity  entropy  in  measuring  intensity 
randomness  as  an  indication  of  texture  in  an  image 
region  are  considered.  These  characteristics 
indicate  that  the  first  order  intensity  entropy 
measures  less  about  the  randomness  of  the  region 
intensity  values  than  about  the  dynamic  range  of 
the  intensities  in  the  region  if  the  region 
contains  only  a  limited  portion  of  the  quantized 
dynamic  range.  Thus,  the  modification  of  the 
first  order  entropy  computations  to  include  only 
the  range  of  intensity  levels  in  the  image  region 
is  considered  since  then  the  entropy  measure 
concentrates  on  the  intensity  randomness  in  the 
region.  Example  results  of  both  types  of  entropy 
computations  for  target  and  background  regions  are 
shown  for  several  FAIR  images  containing  targets 
of  different  sizes. 

Keywords:  Entropy,  Image  Intensity,  Texture 
Measurement 


INTRODUCTION 

Computation  of  features  related  to  the 
intensity  texture  of  an  image  or  of  some  region  in 
an  image  is  of  interest.  Regions  of  particular 
interest  may  be  targets  or  their  surrounding 
backgrounds.  Measures  of  the  intensity  texture  of 
these  regions  are  useful  in  region  segmentation  or 
region  classification  (Haralik,  1979)  (Weska, 

1976)  {Pavlidis,  1977) .  Another  use  for  texture 
measurements  is  as  an  image  metric  for  the 
comparison  of  the  characteristics  of  different 
images  or  different  images  of  targets  with  regard 
to  the  difficulty  which  might  be  encountered  in 
performing  target  segmentation  or  target 
classification.  Consideration  of  this  use  led  to 
the  considerations  discussed  here. 

A  number  of  different  texture  measurement 
algorithms  have  been  defined  (Pavlidis,  1977), 
(Haralik,  1979),  (Conners,  1980),  (Rosenfeld, 

1982) .  In  some  of  these  a  texture  feature  used  is 
the  second  order  entropy  associated  with  Iri'iagr: 
intensities  in  pairs  of  pixel  locations  in  the 
image  reg.'on  of  interest.  This  feature  is 


E2  =  - SZp(i/jie.d)ln[p(i,jl0,d)]  (1) 

i=lj=l 


pixels  with  relative  locations  as  defined  by  the 
angle  6  and  distance  d  have  intensities  i  and  j  and 
N  is  the  number  of  intensity  quantization  levels 
available  for  the  image.  Entropy  is  also  used  as 
a  feature  for  the  difference  in  image  intensities 
at  pairs  of  pixel  locations  in  the  image  region  of 
interest.  This  feature  is 

N-1 

Ed=- Zp(i/e-d)ln[p(i|0,d)]  (2) 

i-1 


where  p(i|0,d)  is  the  probability  that  the 
intensities  of  a  pixel  pair  differs  by  i  and  0,  d, 
and  N  are  defined  as  above.  Actually,  image 
intensity  entropies  of  various  orders  (using 
various  signal  groups  of  pixels)  could  be  used  as 
texture  features.  Such  entropy  measurements  are 
measures  of  the  intensity  randomness  in  the  image 
region  being  considered  since,  for  the  defined 
pixel  relative  geometry,  they  are  maximum  when  all 
possible  combinations  of  pixel  intensities  are 
equally  likely  and  zero  when  only  one  combination 
of  pixel  intensities  occurs. 

To  compute  an  n^^  order  intensity  entropy  for 
an  image  region,  conditional  n'^h  order  joint 
probability  mass  functions  conditioned  on  the 
defined  pixel  relative  geometry  must  b.e  estimated 
from  the  image  intensity  values  in  the  region 
being  considered.  The  simplest  intensity  entropy 
measure  is  the  first  order  intensity  entropy.  It 
only  requires  an  estimate  of  the  first  order  image 
intensity  probability  mass  function  for  the  region 
being  considered  which  does  not  depend  on  any 
relative  pixel  geometry.  It  is  a  measure  of  the 
randomness  or  information  content  in  the  image 
region  intensity  values  without  regard  to  their 
spatial  distribution  characteristics.  Thus  its 
texture  describing  characteristics  are  limited, 
but  it  can  be  quite  useful  for  small  regions  since 
joint  probability  mass  functions  are  more 
difficult  to  estimate  effectively  with  the  few 
number  of  pixels  in  small  regions.  The 
characteristics  of  first  order  intensity  entropy 
are  considered  here  since  this  was  an  image 
comparing  metric  proposed;  however,  the  concepts 
discussed  are  also  applicable  to  higher  order 
intensity  entropies. 


where  p(i,j|0,d)  is  the  probability  that  a  pair  of 
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FIRST  ORDER  ENTROPY  CHARACTERISTICS 

It  is  assumed  that  a  quantized  dynamic  range 
is  quantized  into  M  grey  levels  for  an  individual 
image  of  interest  where  the  quantized  dynamic 
range  and/or  M  may  not  be  the  same  for  each  image. 
This  would  occur  for  example  if  the  images  came 
from  different  sources.  Some  images  may  have 
dynamic  ranges  which  are  less  than  their  quantized 
dynamic  ranges.  That  is,  some  images  may  have 
grey  levels  which  do  not  encompass  the  entire  set 
of  M  grey  levels  corresponding  to  the  entire 
quantized  dynamic  range. 

To  compute  the  first  order  intensity  entropy 
for  a  region  of  an  image,  the  intensity 
probability  mass  function  encompassing  all 
possible  image  grey  levels  (i.e.  M  levels)  must 
first  be  estimated  for  the  region.  This  is  done 
by  computing 


where  N  is  the  number  of  pixels  in  the  region,  ni 
is  the  number  of  times  the  i^**  grey  level  occurs  in 
the  region,  and  pj  is  the  estimate  of  the 
probability  that  the  i*^^  grey  level  occurs.  The 
normalllzed  first  order  intensity  entropy  for  the 
region  (called  region  entropy  from  here  on  for 
simplicity)  is 

M 


where  normalization  is  used  to  produce  a  value 
which  lies  between  0  and  1,  and  the  total  entropy 
depends  only  on  the  randomness  of  the  intensities 
within  the  quantized  dynamic  range  and  not  on  the 
number  of  image  grey  levels  used  in  a  particular 
image. 


If  the  dynamic  range  of  the  image  region  of 
interest  is  less  than  the  quantized  dynamic  range 
used,  then  the  maximum  region  entropy  for  the 
image  region  is  less  than  1 .  This  maximum  region 
entropy,  Enjir  occurs  when  the  grey  levels  spanned 
by  pixels  in  the  region  are  uniformly  distributed 
Therefore,  for  Mr  grey  levels  spanned, 


E 


nM 


k+Mj-l 

E  — 

ln(M)  M_ 

i=)5 


^(Mr) 

ln(M) 


(5) 


where  k  is  the  minimum  grey  level  in  the  image 
region.  This  maximum  region  entropy  is  plotted  in 
Figure  1  as  a  function  of  the  ratio  of  the  region 
dynamic  range  to  the  quantized  dynamic  range. 


p  =Mr/K. 


•■f  the  region  dynamic  range  is  a  small 
f racl ■ on  of  the  quantized  dynamic  range,  then  the 
rogio.n  entropy  mooourcs  less  about  the  randomness 
of  the  Intensity  values  in  the  region  than  about 
the  reduced  dynamic  range  of  the  region.  This  is 
apparent  from  Figure  1  since  most  of  the  entropy 
change  from  its  maximum  value  is  ta)cen  up  by  the 
dynamic  range  change.  In  this  case,  the  region 
entropy  is  partially  measuring  the  same 
characteristic  as  the  intensity  standard  deviation 
feature  for  the  region  measures.  In  some  cases  it 
may  be  desirable  to  separate  these  two  effects  and 


Fig.  1.  Maximum  Region  Entropy  vs  po- 


then  use  the  two  features  together  to  characterize 
the  region  intensity  variation.  To  do  this,  the 
region  entropy  calculation  can  Ibe  modified  to  be 


)t+M  -1 


(6) 


where  the  last  form  of  Ent  follows  since  Pi  "  0  for 
all  grey  levels  outside  the  region  dynamic  range 
(i.e.  i  <  )c  and  i  >  )c  +  M^  -  1)  .  This  modified 
region  entropy  considers  only  the  intensity 
randomness  inside  the  dynamic  range  of  the  region 
since  its  maximum  value  is  1  when  the  grey  levels 
are  uniformly  distributed  within  the  region 
dynamic  range. 


EXAMPLE  RESULTS 

As  an  example  of  region  entropy,  En,  and 
modified  region  entropy,  Enr»  values  corresponding 
to  several  forw3rd-loo)cing  infrared  (FLIR)  images 
are  shown.  The  images  used  are  of  a  set  of 
vehicle  targets  at  various  ranges.  The  bac)cground 
is  rather  bland,  being,  for  the  most  part,  grass 
and  roads.  Some  of  the  images  contain  tree 
clusters,  extraneous  man-made  bright  objects, 
power  poles,  small  buildings,  and  apparent  roc)c 
outcroppings.  The  images  were  ta)cen  at  nominal 
ranges  to  the  targets  of  2.5,  3.5,  5,  and  10  km. 

A  128x120  pixel  segment  surrounding  the  targets 
was  selected  from  each  of  two  images  at  eac)i 
range.  These  segments  encompass  two  or  three 
targets  in  each  segment.  The  average  size  of  the 
targets  on  the  images  varies  from  194  pixels  at  a 
range  of  2.5  )cm  to  17  pixels  at  a  range  of  10)(m. 
The  quantized  dynamic  range  is  128  grey  levels. 
Only  one  of  the  images  (one  of  the  two  at  2.5  )un) 
has  intensities  which  span  the  entire  128  grey 
levels. 
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Estimated  probability  mass  function  data  for 
one  of  the  image  segments  taken  at  a  range  of 
2.5km  and  one  of  the  image  segments  taken  at  a 
range  of  10  km  are  shown  in  Figure  2.  The 
estimated  probability  mass  values  shown  are 
averages  of  two  adjacent  values  and  are  connected 
by  straight  lines  to  make  visualization  easier. 
Data  are  shown  for  all  the  target  pixels  and  for 
all  the  background  (image  segment  minus  targets) 
pixels.  The  target  pixels  contain  a  wider 
variation  of  intensity  values  and  have  a  less 
peaked  probability  mass  function  than  the 
background  pixels.  This  is  particularly  true  for 
the  image  from  the  short  range  where  the 
resolution  is  great  enough  to  show  some  target 
detail . 

Figure  3  shows  the  average  of  the  region 
entropies,  En,  and  modified  region  entropies,  Enr, 
computed  over  all  targets  and  backgrounds  at  each 
range.  Since  there  are  only  4  to  6  targets  and  2 
backgrounds  considered  at  each  range,  the  data  is 
somewhat  spread.  Therefore,  a  linear  regression 
line  was  plotted  through  each  set  of  data  to  mote 
clearly  show  trends.  It  is  clear  that  the  region 
entropy  values,  En,  are  significantly  effected  by 
the  dynamic  ranges  of  the  targets  and  background 
since  they  are  considerably  smaller  than  the 
modified  region  entropy  values,  Enr-  This  is  as 
expected  since  the  region  dynamic  range  is  less 
than  one  half  than  the  quantized  dynamic  range  in 
most  target  and  background  regions  considered. 

The  region  entropy  for  the  targets  decreases  more 
rapidly  with  range  than  that  for  the  background. 
This  is  expected  due  to  the  reduction  of  the 
number  of  target  pixels  with  range  which  leads  to 
fewer  possible  grey  levels  in  the  target  regions. 
The  modified  region  entropy  gives  a  more 
consistent  measurement  of  target  or  background 
intensity  randomness  over  the  images  considered  as 
it  should  since  the  dynamic  range  change  is  being 
ignored.  This  is  shown  by  the  relatively  constant 
values  of  Enr  a  function  of  range  to  the  image 
segment.  The  targets  intensities  have  greater 
randomness  than  the  background.  This  is  also 
apparent  from  Figure  2  where  the  background 
probability  mass  functions  are  more  peaked  than 
the  target  probability  mass  functions. 


Fig. 2.  Example  Region  Probability  Mass  Functions. 


Fig. 3.  Entropy  Values  for  Example  Image  Segments. 


SUMMARY 

The  characteristics  of  first  order  intensity 
entropy  values  in  presenting  intensity 
randomness  in  a  textured  image  region  have  been 
discussed.  Such  intensity  randomness  is  a  texture 
feature  and  may  be  useful  in  comparing 
characteristics  of  different  images  or  different 
image  regions.  It  was  indicated  that  if  the 
region  dynamic  range  is  significantly  less  than 
the  dynamic  range  used  to  calculate  the  region 
entropy,  then  the  entropy  value  measures  less 
about  the  intensity  randomness  in  the  region  than 
about  the  reduced  dynamic  range  in  the  region. 

The  region  entropy  can  be  computed  using  only  the 
dynamic  range  of  the  region  (called  the  modified 
region  entropy  here)  so  it  will  concentrate  on 
measuring  intensity  randomness  in  the  region.  An 
example  is  shown  to  illustrate  these 
characteristics.  Images  used  are  FLIR  images  of 
targets  on  a  rather  bland  background.  The  same 
concept  is  applicable  to  higher  order  entropy 
measures  such  as  the  second  order  entropy  features 
used  in  some  texture  measurement  algorithms. 
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Abstract 


Experimental  semi-varlograms  of  a  portion  Of  a  Uandsat  Thematic  Mapper  scene  dominated 
by  a^dendritic  texture  (bajada)  were  calculated  for  bands  1,2, 3, 4, 5  and  7.  Complex  spherical 
models  were  then  fitted  to  the  semi-variograms,  consisting  of  two  sets  of  parameters.  It  was 
found  that  the  complex  models  match  the  experimental  semi-variograms  very  closely  up  to  the 
second  range  in  the  model,  after  which  a  drift  in  the  experimental  values  takes  over.  The 
first  range  in  all  cases  was  consistent  between  bands  as  expected.  The  second  range  for  VNIR 
spectral  bands  measured  on  the  uncooled  primary  focal  plane  (Bands  1,2,3  and  4)  remained 
constant  between  bands,  whilst  the  SWIR  bands  on  the  cooled  secondary  focal  plane  (bands  5 
and  7)  were  identical  but  different  from  the  VNIR  bands. 

Image'  degradations  using  four-pixel  and  nine-pixel  averages  were  performed  to 
investigate  the  effects  of  regularization  in  image  data  by  simulating  coarser  resolution 
imagery.  As  expected  the  variance  decreased  continually  with  increasing  degradation.  A 
relationship  between  the  variance  of  the  data  and  the  sum  of  the  sills  was  determined  by 
plotting  variance  vs  sill  sums.  For  the  VNIR  bands  a  strong  linear  relationship  was  observed 
with  a  slope  of  1.3,  passing  through  the  origin.  The  SHIR  bands  plotted  with  a  similar  slope, 
but  offset  to  shorter  separation  values. 

Overall  results  show  promising  potential  for  spatial  enhancement  using  a  cokriging 
estimation  as  explored  by  Glass  et  al  (1988) . 


Introduction 


The  purpose  of  this  paper  is  to  present  some  results  in  the  investigation  of  the  spatial 
domain  of  remotely  sensed  images  using  semi-variograms  (hereafter  referred  to  as  variograms) . 
The  use  of .variograms  for  this  purpose  has  been  studied  by  several  authors  (Carr  and  Myers, 
1984;  Woodcock  et  al,  1988a  &  b)  who  have  demonstrated  the  potential  value  of  this  technique. 
Glass  et  al  (1988)  presented  some  preliminary  results  on  the  use  of  a  geostatistical 
estimator  (cokriging)  to  improve  spatial  resolution  of  Landsat  MSS  images. 

The  current  study  deals  with  a  bandsat  Thematic  Mapper  image  of  an  alluvial  bajada 
several  miles  north  of  Tonopah,  Nevada,  acquired  on  June  30,  1984.  The  data  has  been 
geometrically  corrected  using  the  MacDonald  Dettwiler  GICS  system,  and  radiometrically 
calibrated  (Kepper  et  al,  1986).  This  data  set  was  chosen  as  a  result  of  its  predominantly 
dendritic  texture  and  its  availability. 

Variogram  analysis  was  invented  in  the  late  1950's  by  Georges  Matheron  (Matheron,  1963) 
and  is  well  described  by  Clark  (1979) .  Based  on  the  theory  of  regionalized  variables 
developed  by  Matheron  (a  regionalized  variable  is  one  which  has  a  fixed  location  in  space) , 
variograms  have  become  a  common  tool  in  the  analysis  of  spatial  data.  Digital  imagery 
presents  a  classic  example  of  such  a  data  set. 
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Variograms 


A  variogram  is  a  plot  of  half  of  the  average  square  of  the  difference  in  value  (DN) 
between  two  values  a  given  distance  h  apart,  as  a  function  of  h.  In  an  ideal  case  the 
variogram  will  start  at  zero  (there  is  no  difference  between  any  point  and  itself)  and  rise 
sharply,  becoming  level  after  some  value  of  h.  The  value  of  h  at  which  it  becomes  level  is 
called  the  range  and  represents  the  range  of  influence  the  variables  will  have  on  each  other. 
The  value  of  the  variogram  function  at  which  it  becomes  level  is  called  the  sill  and 
represents  the  variance  of  the  data. 

The  variogram  function  is  calculated  as  follows: 

1  _n 

G(h)  = -  >_  (z(x)  -  z{x+h))‘ 

2n  i=l 

where  G(h)  is  the  variogram  function  (gamma),  n  is  the  total  number  of  data  pairs  separated 
by  a  distance  h,  z(x)  is  the  value  at  x  and  z(x-<-h)  is  the  value  a  distance  h  away  from  x. 

Several  models  have  been  developed  to  model  variograms.  An  ideal  variogram,  as  described 
above,  is  approximated  by  a  spherical  model.  The  spherical  model  is  calculated  by  the 
following  equation: 


3h  h’ 

G(h)  =  Co  +  C  *  (  -  -  -  ]  when  h  <  a 

2a  2a' 

G(h)  =  Co,  +  C  when  h  >=  a 


where  C  is  the  sill,  a  is  tne  range,  and  Co  is  the  nugget  (a  representation  of  the  random 
component  of  the  data  set) .  A  complex  spherical  model  is  one  which  contains  two  ranges  (a^ 


and  two  sills  (C,  and  C,). 

.  ie: 

3h 

h'  3h 
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G(h)  =  Co  +  C,  *  [  — 

- ]  +  C,  »  ( - 

2a,'  2a, 

_  ___  ] 

when  h  <  a, 

2a, 

2a,’ 

3h 

h' 

G(h)  =  Co  +  C,  +  C,  *  [  — 

_  ___  ] 

when  h  <  a. 

2a, 

2a,' 

G(h)  =  Co  +  C,  +  C|  when  h  >=  a, 

When  h  <  a,  the  model  is  influenced  by  both  sets  of  parameters.  When  h  is  between  a,  and  a, 
the  model  changes  only  as  a  result  of  the  second  set  of  parameters.  (Clar)c,  1979) 

Several  other  types  of  models  have  been  proposed  (Clar)<,  1979;  Woodcocjc  et  al,  1988a 
&  b) ,  however,  with  the  exception  of  Woodcocjc's  disc  model,  they  will  not  be  considered  in 
this  study. 


Procedure 


Experimental  variograms  were  calculated  for  a  150  pixel  by  180  line  sized  image  in  each 
of  the  six  reflective  bands  of  the  thematic  mapper.  The  band  3  and  7  images  were  degraded 
by  using  both  a  four-pixel  and  a  nine-pixel  average  and  assigning  the  average  value  to  a 
pixel  in  a  new  image.  Thus  the  four-pixel  degraded  image  was  one  quarter  the  size  of  the 
original  image,  and  the  nine-pixel  image  was  one  ninth.  Experimental  variograms  of  the 
degraded  images  were  then  calculated.  Cross-variograms  (Glass  et  al,  1988)  were  calculated 
between  the  nine-pixel  average  degraded  band  3  image  and  subsampled  band  2  and  4  images, 
as  well  as  between  the  full  sized  band  2  and  4  images. 


Complex  models  were  fitted  to  each  of  the  experimental  variograms  and  cross-variograms 
using  a  program  written  by  the  authors  which  displays  the  model  instantly  as  defined  by 
assigned  values  for  ranges  and  sills. 


Results 


In  all  bands  it  was  possible  to  achieve  very  close  approximations  of  the  experimental 
variogram  using  complex  spherical  models.  The  first  range  was  consistent  from  band  to  band, 
with  a  value  of  5  pixels  (one  pixel  is  the  base  measurement  for  h) .  The  second  range  in  all 
images  (including  degraded)  except  bands  5  and  7  was  also  consistent  with  a  value  of  43 
pixels,  whilst  bands  5  and  7  had  a  value  of  23.  The  cross  variograms  between  the  nine-pixel 
degraded  bands  3  image  and  a  three  times  subsampled  bands  2  and  4  images  both  had  a  second 
range  of  39.  First  sill  values  ranged  between  7  and  30  (with  the  exception  of  75  for  the 
bands  2  and  4  cross  variogram) ,  whilst  second  sill  values  ranged  between  11  and  74  (again, 
the  band  2  and  4  cross  variogram  was  much  higher  at  154).  See  table  1. 

Table  1. 

Variogram  parameter  results 


Variance 

Silll 

Rangel 

Sill2 

Ranae2 

Band  1 

40.86 

11.0 

5 

21.8 

43 

Band  2 

71.29 

18.5 

5 

37.5 

43 

Band  3 

79.85 

20.7 

5 

42.3 

43 

Band  4 

73.25 

20.7 

5 

38.2 

43 

Band  5 

123.26 

28.0 

5 

39.0 

23 

Band  7 

85.00 

18.0 

5 

20.0 

23 

4  pixel  band  3 

73.89 

15.0 

5 

41.0 

43 

_9  pixel  band  3 

69.68 

12.0 

5 

39.0 

43 

4  pixel  band  7 

83.81 

20.0 

5 

11.0 

23 

9  pixel  band  7 

73.57 

7.0 

5 

20.0 

23 

cross  band  3,2 

147.74 

22.0 

5 

72.0 

39 

cross  band  3,4 

150.57 

22.0 

5 

74.0 

39 

cross  band  2,4 

286.18 

75.0 

5 

154.0 

43 

Discussion 


The  extremely  close  fit  of  all  the  complex  spherical  models  to  this  uata  set  indicates 
it  as  being  a  very  good  model  to  use.  However,  it  is  to  yet  be  determined  if  such  is  the  case 
for  all  types  of  Thematic  Mapper  scenes.  All  indications  from  this  study  show  that  the  disc 
model  studied  by  Hoodcoc)(  et  al  (1988a  &  b)  is  not  practical  for  examining  this  type  of  data. 

The  consistent  first  range  between  bands  shows  that  it  is  not  spectrally  dependent, 
and  thus  can  be  used  in  the  analysis  of  spatial  information  with  confidence.  As  expected 
all  the  variograms  began  to  demonstrate  a  drift-li)ce  characteristic  at  longer  separation 
distances  (an  indication  of  influence  by  a  global  trend) .  In  all  cases  the  separation 
distance  value  at  which  this  drift  begins  to  affect  the  variogram  coincides  with  the  second 
range;  a  phenomenon  which  is  not  fully  understood  at  the  moment.  The  consistency  in  the 
second  range  between  bands  on  the  same  instrument  focal  plane  leads  us  to  believe  that  it 
may  be  system  dependent,  and  not  so  much  scene  dependent.  The  second  range  should  be  used 
when  determining  a  window  of  estimation  influence  to  be  used  for  later  co)<riging  processing. 


Upon  first  inspection,  there  did  not  appear  to  be  much  of  a  relationship  between  the 
sills  and  the  variance  of  the  data.  As  expected,  the  variance  and  sill  values  increased 
substantially  for  the  cross-variograms.  In  an  attempt  to  determine  whether  any  relationship 
between  the  sills  and  the  variance  of  the  data  sets  did  exist,  a  plot  of  the  variance  vs  the 
sum  of  the  sills  was  produced.  The  values  for  bands  1,2,3,  and  4,  including  cross-variograms 
not  involving  a  subsampled  image  and  variograms  of  degraded  images,  plotted  along  a  straight 
line  with  a  slope  of  1..'’,  passing  through  the  origin.  The  values  for  bands  5  and  7  followed 
a  similar  slope,  but  were  offset  to  the  left  (ie.  they  had  a  higher  Y-intercept) .  This  offset 
may  be  useful  as  a  system  evaluation  tool. 
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As  expected,  the  regularization  effect  was  observed  for  the  degraded  images  in  both 
bands  3  and  7 .  Thus  this  form  of  degradation  does  simulate  coarser  spatial  resolution 
imagery. 


Conclusions 


Variograms  of  Landsat  Thematic  Mapper  data  is  best  modeled  using  a  complex  spherical 
model.  In  this  study  a  model  using  two  sills  and  ranges  modeled  the  experimental  variograms 
of  all  Thematic  Mapper  reflective  bands.  The  image  used  in  this  study  was  dominated  by  a 
dendritic  texture.  Other  images  with  more  than  one  dominant  texture  may  require  models  with 
greater  than  two  sets  of  parameters. 

All  bands  generated  a  modeled  first  range  of  five  pixels,  indicating  that  the  first 
range  is  independent  of  spectral  information.  Drift  behavior  in  all  bands  commenced  at  the 
second  range  of  the  model.  The  second  range  was  consistent  between  bands  on  each  focal  plane 
(43  and  23),  but  was  different  between  focal  planes.  This  second  range  may  be  possibly  used 
as  a  tool  for  evaluating  a  system.  Further  investigation  into  this  phenomenon  is  recommended. 

A  relationship  between  the  variance  of  the  data  and  the  sum  of  the  sills  was  found  by 
plotting  them  against  each  other.  The  values  from  the  primary  focal  plane  followed  a  very 
linear  relationship  passing  through  the  origin.  The  secondary  focal  plane  showed  a  similar 
relationship  with  the  inclusion  of  a  Y  intercept. 

.The  results  indicate  that  effective  models  can  be  obtained  for  use  in  image  restoration 
using  geostatistical  estimators  (cokriging) . 
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Abstract 

Physical  features  such  as  tectonic  structures,  outcrop- 
Ing  formations,  surflcial  features  and  geochemical 
anomalies  that  are  not  confined  to  identifiable  retlec- 
tlon  domains  often  have  their  presence  obscured  by  more 
prominent  reflectance  patterns.  Many  of  the  processing 
methods  that  tend  to  delegate  closely  related  reflec¬ 
tances  to  specific  classifications,  or  to  smooth  out 
minor  variations  In  the  Image,  may  discriminate  against 
subtle  outlines  that  Indicate  the  presence  of  coherent 
but  poorly  defined  physical  features.  These  subtle 
anomalies,  which  may  be  apparent  only  through  con¬ 
tinuity  of  shape  or  texture,  often  are  of  major 
Importance  to  the  geologic  Interpretation  of  the  area. 
However,  because  they  may  not  respond  to  the  usual 
enhancement  techniques,  special  processing  methods  that 
Improve  the  display  of  subtle  features  are  necessary 
for  their  analysis. 

Spatial  filtering,  using  operators  that  are  designed 
to  display  features  according  to  characteristics  such 
as  size  and  shape  while  rejecting  conflicting  features, 
can  be  an  effective  aid  to  Interpretation.  Edge 
detectors  that  display  the  boundaries  of  features  have 
been  used  effectively  In  automatic  pattern  recognlza- 
tlon  techniques  and  for  the  locating  of  subtle  outlines 
and  llneatlons.  However  edge  detectors  respond  only  to 
changes  In  slopes  and  may  not  indicate  continuity  of  the 
features  within  the  outlines.  Unless  the  body  has  a 
recognizable  shape.  It  may  be  wrongly  interpreted. 
Conversely,  band  pass  filters  display  features  based 
on  their  continuity  of  form  or  texture.  Also,  they  can 
eliminate  many  of  the  conflicting  larger  or  smaller 
features  and  bring  out  a  singular  expression  of  In¬ 
dividual  anomalies.  A  series  of  band  pass  filters,  each 
designed  to  display  features  of  a  specific  size,  can 
be  used  to  analyze  an  image  feature-by-featurc  until 
all  hidden  anomalies  have  been  discovered. 

Digital  Fourier  transforms  provide  an  effective 
approach  for  the  design  and  application  of  band-pass 
spatial  filters.  The  portion  of  the  scene  that  Is  to 
be  analyzed  Is  first  transformed  to  the  frequency 
domain  by  a  two-dlr.unslonal  fast  Fourier  transform 
program.  The  amplltute  ;pectra  permits  the  Interpreter 
to  note  any  dominate  trends  In  the  Image  and  to  select 
the  frequency  components  for  detailed  examination. 
Filtering  Is  accomplished  by  setting  all  unwanted 
components  to^  an  amplitude  of  zero  then  returning  the 


scene  to  the  spatial  domain  by  the  Inverse  Fourier 
transform.  If  the  retained  frequency  components  are 
confined  to  a  band  with  radial  symmetry  about  the  zero 
frequency  origin,  the  filtered  output  will  have  zero 
phase  characteristics  and  the  output  features  will  be 
In  their  correct  position.  In  the  same  manner,  any 
number  of  frequency  bands  can  be  transformed  to  display 
a  wide  range  of  distinctive  features.  Unfortunately, 
filtering  does  requite  a  large  number  of  mathematical 
operations,  howevor.  It  can  be  performed  quickly  on 
modern  high  speed  work  stations  and  Is  Ideally  suited 
to  parallel  processing  systems. 

Spatial  filters  can  be  applied  to  any  digital  Image 
Including  those  that  have  undergone  considerable 
preliminary  processing.  Enhanced  data  such  as  the 
output  from  deconvolution  or  principal  components 
.analysis  respond  well  to  band  pass  filtering.  Examples 
Illustrate  how  secondary  features  that  are  hard  to 
recognize  In  the  original  scene  can  be  displayed 
prominently  and  correctly  in  the  filtered  output. 
Because  the  filters  only  retain  features  from  the 
original  data,  all  displayed  anomalies  can  be  located 
In  the  original  scene. 

Key  words 

Image  analysis.  Spatial  filtering,  Selective  enhance¬ 
ment,  Computer  processing 

Introduction 

A  remotely  sensed  Image  of  the  earth's  surface  displays 
the  sum  of  all  features  that  contribute  to  the  recorded 
reflectances.  They  Include  the  foreground  features  such 
as  forests,  farm  crops,  wetlands  and  other  natural  or 
manufactured  structures  that  dominate  the  reflectance 
spectra  as  well  as  the  background  features  that  only 
make  a  modest  contribution  to  the  reflection  patterns. 
The  background  features  may  be  Important  for  they  often 
are  the  key  to  geologic  deposits  or  other  burled  arti¬ 
facts.  They  are  background  features  because  their 
surface  expression  Is  masked  by  weathering,  vegetation 
overgrowths  and  soil  or  other  surflcial  cover.  They  may 
be  large  scale  such  as  tectonics  structures,  outcroplng 
formations,  non-metalllc  mineral  deposits  or  geochemi¬ 
cal  anomalies;  or  they  may  be  medium  to  small  scale 
features  such  as  salt  domes,  buried  channels,  solution 
cavities  or  abandoned  farmsteads  and  archeological 
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sites.  The  presence  of  these  background  features  nay 
be  Indicated  only  by  subtle  changes  In  the  more 
dominant  foreground  reflectance  patterns.  Where  the 
subtle  features  are  not  concordant  with  the  more 
prominent  reflectance  domains  and  are  either  larger  or 
smaller  In  area,  or  have  a  different  trend  direction, 
then  they  can  be  enhanced  selectively  by  the  applica¬ 
tion  of  band  pass  spatial  filters. 

Because  the  Image  displays  the  sum  of  all  component 
features ,  Individual  components  can  be  deleted  from  the 
Image  to  clarify  the  remainder  or  Individual  features 
can  be  extracted  and  displayed  singularly  for  examina¬ 
tion  and  Interpretation.  Also  the  amplitude  of  desired 
features  can  be  Increased  until  they  are  clearly 
defined  In  the  Image.  Band  pass  spatial  filters, 
designed  to  operate  on  features  according  to  their 
physical  size,  alter  the  Image  to  selectively  enhance 
the  desired  characteristics.  The  spatial  filters  are 
designed  to  extract  or  suppress  specific  features 
according  to  the  Fourier  principle  that  any  function 
of  time  or  distance  can  be  described  by  a  component  set 
of  sinusoids  each  with  a  specific  frequency,  amplitude 
and  phase.  If  the  amplitudes  of  the  components  are 
Increased  Che  feature  becomes  more  prominent  and  If  the 
amplitudes  are  made  equal  to  zero,  Che  feature  Is 
deleted.  Operations  on  the  Image  can  be  either  on  Che 
original  data  In  the  distance  domain  or  on  Che  com¬ 
ponent  frequencies  In  the  frequency  domain.  The 
Information  pertaining  to  Che  Image  Is  Identical  In 
both  domains  which  are  related  by  Fourier  transforms 
(eg.  Zurflueh,  1967,  Robinson,  Charlesworth  and  Ellis, 
1969). 


Spatial  Filtering 

The  filtering  process  can  be  In  the  distance  domain  or 
In  the  frequency  domain  by  use  of  the  operational 
transforms.  Distance  domain  filtering  is  by  convolution 
In  which  Che  filter  operator  Is  convolved  with  the 
original  Image  matrix.  The  Fourier  transform  of  the 
convolution  operation  Is  multiplication  and  addition 
so  that  In  the  frequency  domain  the  amplitude  spectra 
Is  multiplied  by  the  filter  amplitudes  and  Che  phase 
spectra  Is  added  to  the  filter  phases.  If  the  frequen¬ 
cy  spectra  of  the  filter  has  radial  symmetry  about  the 
zero  frequency  origin  Chen  phqse  can  be  neglected  and 
the  position  of  objects  In  the  Image  will  not  be 
altered.  With  the  modern  use  of  high  speed  parallel 
processing  computers  and  the  computational  algorithm 
known  as  the  Fast  Fourier  Transform  (Cooley  and  Tukey, 
1965),  often  filter  design  and  filtering  Is  faster  and 
easier  In  the  frequency  domain,  however  both  approaches 
are  effective.  Tiie  distance  domain  band  pass  filter 
operator  has  the  form: 

sin  X  cos  V 

X 

Where  x  refers  to  the  highest  frequency  In  the  band  and 
y  to  the  center  frequency  of  Che  band.  A  low  pass 
filter  does  not  contain  the  cosine  term.  The  highest 
recognizable  "Nyqulst"  frequency  In  any  Image  has  a 
wavelength  cf  two  pixels  and  the  lowest  Irequency  that 
can  be  defined  within  the  Image  by  digital  Fourier 
methods  Is  directly  related  Co  Che  number  of  pixels  in 
the  operational  subset.  A  band  reject  filter  Is 
obtained  by  subtracting  the  band  pass  filter  from  the 
all  pass  filter  and  a  high  pass  by  subtraction  of  the 
low  pass  filter.  The  resulting  filter  operator  Is  then 
convolved  with  the  matrix  of  values  representing  the 


Image.  On  the  other  hand,  the  original  Image  can  be 
transformed  to  the  frequency  domain,  the  unwanted 
frequencies  deleted  and  the  Inverse  transform  taken  to 
display  the  filtered  Image.  Spatial  filters,  whether 
they  are  In  the  distance  or  the  rrequency  domain  should 
retain  at  least  an  octave  of  Image  frequencies  so  that 
they  will  clearly  display  Individual  features  without 
Che  presence  of  ringing  side  lobes.  Where  a  number  of 
frequency  domain  filters  are  to  be  tested,  the  frequen¬ 
cy  spectra  of  original  Images  can  be  stored  on  disk, 
Chen  quickly  recalled  and  subjected  to  a  suite  of 
filters  to  obtain  the  optimum  output  quickly  and 
easily.  The  filtered  output  can  be  displayed  by  Itself, 
or  It  can  be  added  to  or  subtracted  from  the  original 
Image  to  enhance  the  display  of  specific  features. 


Examples 

Figure  1  Is  a  portion  of  a  Landsat  Thematic  band  one 
scene  from  the  Rock  Springs  area  of  western  Wyoming. 
A  aeries  of  east  dipping  Upper  Cretaceous  and  Tertiary 
formations  outcrop  In  a  northerly  direction  while  a 
fine  grained  network  of  drainage  channels  cross  from 
east  CO  west.  Many  of  Che  valleys  contain  recent 
surflclal  deposits.  Figure  2  Illustrates  the  bedrock 
geology.  Spatial  filters  can  be  used  to  enhance 
selectively  either  the  geology  or  the  drainage.  A 
series  of  band  pass  filters,  each  covering  approxi¬ 
mately  one  octave  of  Che  frequency  spectrum  were 
applied  to  Che  Image.  Figure  3  Illustrates  Che  filtered 
output  from  a  filter  displaying  only  the  low  frequen¬ 
cies.  The  north-south  trending  geologic  boundaries 
dominate  the  Image  and  drainage  patterns  have  been 
deleted.  Figure  6  and  Figure  5  are  the  outputs  from 
higher  stages  In  Che  suite  of  filters  and  add  defini¬ 
tion  to  the  geologic  features.  Figure  6  displays  the 
output  from  a  still  higher  pass  filter  that  begins  to 
pick  up  some  of  the  drainage  pattern  components  as 
Indicated  by  the  presence  of  cross  trends.  The  filtered 
Images  can  be  Interpreted  alone  or  they  can  be  Included 
with  the  original  Image  to  produce  an  enhanced  overall 
picture.  Image  software  usually  contains  a  procedure 
that  allows  a  percentage  of  one  Image  Co  be  added  or 
subtracted  from  another  which  permits  any  desired 
degree  of  enhancement  of  the  filtered  subtle  feature 
within  the  total  picture.  Figure  7  illustrates  the 
effect  of  subtracting  a  percentage  of  the  geology  from 
Che  original  image  Improving  the  clarity  of  the 
drainage  display  and  Figure  8  has  the  filtered  geology 
added  to  the  original  picture  to  assist  the  geological 
Interpretation. 
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Figure  1.  The  original  image,  a  15  by  15  km  subset  of 
a  LandsaC  Thcmaclc  band  1  scene  of  the  Rock  Springs 
area  of  Wyoming. 


Figure  3.  Band  pass  filtered  image  displaying  only  the 
large  scale  geologic  features. 
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Figure  6.  Band  pass  filtered  image  displaying  medium 
scale  geologic  features. 


Figure  5.  Band  pass  filtered  image  displaying  smaller 
scale  geologic  features. 
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Figure  6.  Band  pass  filtered  Image  displaying  both  Figure  7.  Original  image  with  a  portion  of  the  geology 

small'  scale  geologic  features  and  larger  drainage  deleted  Co  enhance  the  drainage  system, 

features. 


Figure  8.  Original  image  with  a  portion  of  the  geology 
added  to  enhance  the  geologic  presentation. 
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S.  K.  Sengupta,'  R.  H.  Welch*  and  M.  S.  Navar* 


*0ept.  of  Math.  S  Computer  Sc1.,  *Inst.  of  Atmos.  Scl.,  S.D.  School  of  Mines  S  Technology,  Rapid  City,  SD  57701 


ABSTRACT 

Using  the  Gray  Level  Difference  Vector  approach, 
classification  accuracies  with  1/8  km  spatial  resolu¬ 
tion  data  are  similar  to  those  obtained  using  the 
full  spatial  resolution  features.  The  implications 
are  that  there  are  no  advantages  to  be  gained  in 
cloud  classification  accuracies  by  using  even  higher 
spatial  resolutions  obtained  from  LANOSAT  Thematic 
Mapper  or  SPOT  Imagery.  The  optimum  spatial  resolu¬ 
tion  is  1/4  km.  However,  significant  improvement 
in  cloud  classification  accuracy  is  obtained  using 
1/2  km  resolution  data  over  that  available  from  1  km 
resolution  of  AVHRR  and  GOES  imagery.  Cirrus  classi¬ 
fication  accuracy  is  especially  compromised  as  spatial 
resolution  is  degraded.  However,  texture  measures 
defined  at  the  combination  of  pixel  separations 
d  =  1,4  Improves  classification  accuracies  by  several 
percent  even  for  1  km  spatial  resolution  data.  Cirrus 
cloud  classification  accuracy  is  significantly  improved 
by  the  use  of  multiple  distance  features. 

In  regard  to  the  Max-Mi n  Coocurrence  Matrix 
approach,  spatial  distribution  of  thresholded  consec¬ 
utive  extremes  allow  for  the  creation  of  new  textural 
features  that  bring  additional  discriminating  power 
to  the  classifier. 


resolution.  Based  on  a  single  band  of  LANDSAT 
Imagery,  textural  features  at  1/16  km  spatial  resolu¬ 
tion  have  been  successfully  employed  for  cloud  field 
classification  (Welch  et  al.,  1988).  These  features 
were  derived  from  the  Gray  Level  Cooccurrence  Matrix 
(GLCH)  approach.  Our  recent  work  has  used  simplified 
textural  measures  based  on  vector  method^ such  as  the 
Sura  and  Difference  Histogram  (SADH)  (Uris6fr'1986) 
and  Gray  Level  Difference  Vector  (GLDV)  approaches 
(Weszka  et  al.,  1976)'.  It  was  found  that  these 
methods  have  nearly  equivalent  accuracy  while 
affecting  significant  savings  in  storage  and 
computation  time  requirements. 

For  global  monitoring  of  atmospheric  and  surface 
conditions,  lower  spatial  resolutions  on  the  order  of 
1-8  km  generally  are  used.  The  present  study  examines 
the  loss  of  cloud  classification  accuracy  as  a 
function  of  spatial  resolution  by  degrading  the 
imagery  through  progressive  averaging.  Textural 
measures  are  computed  using  two  approaches:  l)  GLDV 
and  2)  Max-Mi n  Cooccurrence  Matrix  (MMCM).  Landsat 
MSS  imagery  is  progressively  degraded  from  a  spatial 
resolution  of  57  ra  to  resolutions  of  114  m,  228  m, 

456  m,  and  912  m. 

TEXTURAL  MEASURES 


INTRODUCTION 

There  has  been  a  great  deal  of  Interest  in 
selection  of  an  optimum  spatial  resolution  for 
monitoring  of  global  climate.  Kong  and  Vidal-Hadjar 
(1988)  progressively  degraded  Landsat  Multispectral 
Scanner  (MSS)  imagery  to  AVHRR  resolutions.  They 
found  that  MSS  imagery  can  be  linearly  correlated 
with  AVHRR  data,  but  that  the  low  resolution  images 
miss  the  fine  scale  textural  information.  They 
suggested  approximately  400  m  spatial  resolution  for 
monitoring  of  land  use  patterns  and  crop  growth. 
Townshend  and  Justice  (1988)  made  a  similar  study 
by  degrading  MSS  imagery,  but  used  different  spatial 
measures.  Their  results  indicated  that  resolutions 
finer  than  1  km  are  required  for  monitoring  global 
change  in  vegetation.  They  suggested  500  m  resolu¬ 
tions  for  the  proposed  Moderate  Resolution  Imaging 
Spectrometer  (H0DI3)  being  developed  under  the  Earth 
Observing  System  (EOS)  program.  Other  studies  by 
Wielicki  and  Welch  (1986)  and  Wielicki  et  al.  (1986) 
have  examined  the  effect  of  spatial  resolution  upon 
derived  estimates  of  cloud  fraction. 

The  present  study  examines  texture-based  cloud 
classification  accuracy  as  a  function  of  spatial 


The  GLDV  approach  is  a  statistical  model  which 
describes  texture  by  statistical  rules  governing  the 
distribution  and  relation  of  gray  levels  in  local 
neighborhoods.  More  specifically,  GLDV  is  based  on 
the  absolute  differences  between  pairs  of  gray  levels 
at  a  distance  d  apart  at  angle  ♦.  The  difference 
vector  density  function  P(H)  is  defined  for  M  =  Il-Jl, 
where  I  and  J  are  the  gray  levels  separated  by  dis¬ 
tance  d  with  relative  orientation  4  of  the  pixels. 

It  is  normalized  by  dividing  the  gray  level 
frequencies  of  occurrence  by  the  total  frequencies. 


The  concept  of  gray  level  cooccurrence  (Haralick 
et  al.,  1973)  was  extended  by  OavtTlt  al.  (l981)  to 
what  the  authors  called  "generalized  cooccurrence." 
Viewing  image  texture  from  a  somewhat  different 
perspective,  Mitchell  et  al.  (1977)  proposed  a  new 
texture  measure  based  on  the  statistical  properties 
Oi  aignificant  local  extremes  in  gray*  level.  The 


Hax-Hin  Cooccurrence  Matrix  (MMCM)  approach  is  an 
extension  of  this  notion  which  is  based  on  textural 
features  that  are  the  statistical  properties  of  the 
thresholded  local  extrema  and  their  spatial  separa¬ 
tion  d.  These  features  are  derived  from  the  Max-Mi n 
cooccurrence  matrix  whose  (I,J)th  entry,  computed 
for  a  fixed  horizontal  distance  d  represents  the 
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frequency  of  the  gray  level  pair  (I,J)  occurring  at 
consecutive  local  extremes  of  opposite  kinds. 

Figure  1  shows  a  representative  profile  of  gray 
levels  in  a  cumulus  image.  Starting  from  a  local 
minimum  at  the  origin,  the  consecutive  thresholded 
extremes  are  located  at  pixel  separations  of  0,  13, 
17,  27,  33,  37,  43,  59,  73,  85,  and  97,  respectively. 
The  dashed  lines  in  Fig.  1  are  the  sliding  thresholds 
used  to  locate  the  extrema  (Hord,  1986).  Although 
the  importance  of  local  extremes  has  been  indicated 
by  Mitchell  et  al.  (1977)  and  implicitly  by  Haralick 
(1979),  this  approach  has  largely  been  overlooked  in 
remote  sensing  applications. 

From  the  normalized  max-mi n  cooccurrence 
matrices,  the  following  textural  measures  were 
computed;  number  of  pairs,  contrast,  angular  second 
moment,  correlation,  entropy,  local  homogeneity, 
cluster  shade,  cluster  prominence,  and  goodness  of 
fit  (Welch  et  al.,  1987).  The  features  were  calcu¬ 
lated  as  a  function  of  the  distance  d  between  maxima 
and  minima  and  for  two  thresholds,  T=2  and  8. 

RESULTS 

Figure  2  shows  the  GLOV  textural  measures  of 
standard  deviation,  local  homogeneity,  and  entropy  at 
five  spatial  resolutions  ranging  from  1/16  km  to  1  km 
(912  m).  The  textural  measures  are  calculated  at 
pixel  separations  of  d  =  1,  2,  4,  8,  16,  32,  and  64. 
At  full  spatial  resolution,  this  corresponds  to 
distances  of  57  m,  ...,  3.6  km,  while  at  1/8  km  reso¬ 
lution  these,  separations  correspond  to  distances  of 
114  m . 7.3  km,  and  so  on. 

A  total  of  37  Landsat  MSS  scenes  were  used  in 
this  study,  15  stratocumulus,  10  cumulus,  and  12 
cirrus.  Each  of  the  37  cloud  scenes  is  subdivided 
into  20  subregions.  Figure  2  shows  selected  textural 
measures  for  a  stratocumulus  scene. 

Textural  measures  for  spatial  resolutions  of 
1/16  km  and  1/8  km  are  nearly  identical.  Therefore, 
classification  results  based  upon  texture  measures 
are  expected  to  be  unaffected  by  using  1/8  km  resolu¬ 
tion  data.  However,  there  is  substantial  change  in 
texture  measures  as  it  is  further  degraded  to  1/4  km 
and  below.  Clearly,  there  is  considerably  greater 
homogeneity  and  loss  of  fine-scale  textural 
information  as  the  scene  is  spatially  degraded. 

Figure  3-  shows  classification  accuracy  for 
stratocumulus,  cumulus,  and  cirrus  as  a  function  of 
spatial  resolution  and  pixel  separation.  Cumulus 
has  high  classification  accuracy  and  is  relatively 
less  sensitive  both  to  pixel  separation  and  to 
spatial  resolution.  Cirrus  shows  strong  sensitivity 
both  to  pixel  separation  and  to  spatial  resolution. 
Overall  classification  accuracies  decrease  with 
decreasing  spatial  resolution.  Therefore  one  can 
expect  better  cloud  classification  accuracies  with 
the  proposed  1/2  km  spatial  resolution  (EOS)  MOOIS 
imagery  than  with  current  1  km  spatial  resolution 
imagery  available  from  AVHRR  and  GOES.  Further 
details  are  given  by  Welch  et  al.  (1989). 

Figure  4  shows  representative  MMCM  textural 
features  of  entropy,  contrast,  and  number  of  points 
as  a  function  of  distance  between  maxima  and  minima 
and  of  spatial  resolution.  With  exception  of  the 
number  of  points,  the  textural  measures  at  spatial 
resolutions  of  1/16  km  and  1/8  km  are  similar. 


Therefore,  classification  accuracies  at  the  degraded 
1/8  km  resolution  are  only  slightly  less  than  at  full 
resolution.  However,  as  resolution  is  further 
degraded  to  1/4  km,  1/2  kt  ,  and  1  km.  Fig.  4  shows 
significant  variation  as  a  function  of  distance  of 
the  various  textural  features.  As  with  the  GLOV 
results,  there  is  progressive  loss  in  classification 
accuracy  as  the  imagery  is  degrad*' ‘  in  spatial 
resolution. 

The  distinctive  shapes  of  the  texture  curves 
makes  classification  possible  between  the  various 
cloud  classes.  Combining  textural  measures  at 
various  pixel  separations  leads  to  improvement  in 
classification  accuracies  by  up  to  several  percent. 
One  potential  advantage  of  the  MMCM  approach  is  that 
it  should  allow  better  discrimination  of  cloud 
subspecies  (e.g.,  cirrus,  cirrocumulus,  cirrostratus) 
than  the  GLOV  or  gray  level  cooccurrence  approaches. 
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Fig.  4:  MHCM  textural  measures  of  entropy,  contrast,  and  number  of  points  as  a  function  of  max-mln  separation 
and  spatial  resolution  for  representative  stratocumulus  and  cumulus  clouds. 
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ABSTRACT 

Earlier  reports  (Tilton,  1901,  Tilton,  1988;  Tilton 
and  Co.s,  1983)  discussed  tlie  "Spatially  Constrained 
Clustering"  (SCC)  iterative  parallel  region  growing 
Icclmlque,  and  its  potential  applitallon  to  data 
compression  and  image  analysis,  Tlic  SCC  algorithm  is 
implemented  on  the  Massively  P.irallel  Procosssor  (MPP) 
at  the  NASA  Goddard  Space  Flight  Center. 

Most  previous  region  growing  approaches  have  the 
drawback  that  the  segmentations  produced  depend  on  the 
order  in  which  portions  of  tlio  image  are  processed  («. 
g.  Schuchtcr,  e(  ai).  An  ideal  solution  to  this 
problem  would  be  to  merge  only  the  single  most  similar 
pair  of  spatially  adjacent  regions  in  the  entire  image 
in  each  iteration.  However,  this  ideal  approach 
becomes  Impractical  except  for  very  small  images,  even 
when  implemented  on  a  massively  parallel  computer. 
The  SCC  algorithm  overcomes  these  problems  by 
performing,  in  parallel,  the  best  merge  within  each  of 
a  set  of  local,  possibly  overlapping,  subimages 
throughout  the  image. 

A  region  splitting  stage  is  also  Incorporated  into 
to  tiie  algorithm.  However,  experimental  tests  show 
that  region  splitting  generally  does  not  improve 
segmentation  results.  The  SCC  algorithm  has  been 
tested  on  various  imagery  data,  and  test  results  from 
a  Thematic  Mapper  image  is  summarized  at  the  end  of 
this  paper. 

Keywords:  }magc  segmentation,  Image  Analysis,  Data 
parallel  analysis. 

INTRODUCTION 

Segmentation  is  the  process  of  partitioning  images 
into  constituent  parts  called  regions  using  image 
attributes  sucli  as  pixel  intensity,  spectral  values, 
and/or  textural  properties.  Image  segmentation 
produces  an  image  representation  in  terms  edges  and 
regions  of  various  shapes  and  interrelationships. 

Image  segmentation  is  a  key  step  in  many  approaches 
to  data  compression  and  image  analysis.  An  optimal 
coding  of  an  image  segmentation,  such  as  through  a 
region  label  map  and  region  feature  file,  can  be  used 
to  effect  data  compression  (Tilton  and  Ramaprlyan, 
1988).  image  analysis  can  be  performed  on  an  image 
segmentation  by  using  the  shape,  t'xture,  spectrum, 
etc.  of  the  regions  found  by  the  image  segmentation 
and  interrelationships  between  the  regions.  This 
region  based  analysis  of  Imagery  is  potentially  more 
effective  than  pixel  based  analysis,  because  region 


based  ntiulysis  exploits  spatial  information  whereas 
pi.xe)  based  analysis  docs  not.  It  is  also  potentially 
more  effective  than  spatial  analysis  based  on 
analyzing  pixels  in  areas  defined  by  a  fixed  grid 
Grid  based  analysis  essentially  utilizes  an 

arbitrarily  imposed  segmentation  of  the  image,  whereas 
region  based  analysis  utilizes  a  segmentation  which  is 
derived  from  cliaracterisllcs  of  the  image  data. 

Most  image  segmentation  approaches  can  be  placed  in 
one  of  three  classes:  (1)  characteristic  feature 
thresholding  or  clustering.  (11)  boundary  detection, 
and  (III)  region  extraction.  Characteristic  feature 
thresholding  or  clustering  is  often  Ineffective 
because  It  does  not  exploit  spatial  information. 
Boundary  detection  does  exploit  spatial  information 
through  examining  local  edges  found  throughout  the 
image.  For  simple  noise-free  Images,  detection  of 
edges  results  in  straightforward  boundary  delineation. 
However,  edge  detection  on  noisy,  complex  images  often 
produces  missing  edges  and  extra  edges  which  cause  the 
detected  boundaries  to  not  necessarily  form  a  set  of 
closed  connected  curves  that  surround  connected 
regions.  One  way  to  overcome  this  problem  is  to 
combine  region  extraction  and  boundary  detection. 
Hanohar,  el  el  (1988)  report  on  some  experiments  in 
combining  boundary  detection  approaches  with  the 
iterative  parallel  region  growing  approach  discussed 
here.  An  early  attempt  at  fully  Integrated  edge 
detection  and  region  growing  is  reported  by  Latty 
(1984). 

ITERATIVE  PARALLEL  REGION  GROWING  AND  SPLITTING 

Early  approaches  to  region  extraction  (usually  by 
region  growing)  had  the  disadvantage  that  the  regions 
produced  depended  on  the  order  in  which  portions  of 
the  image  are  processed.  But  Schachter,  el  el  (1979) 
suggest  that  implementing  region  growing  as  "an 
iterative  parallel  process"  would  overcome  the  order 
dependent  problem.  An  ideal  solution  to  this  problem 
would  be  an  Iterative  parallel  process  that  merged  the 
single  most  similar  pair  of  spatially  adjacent  regions 
over  the  entire  image  at  each  iteration.  This  is  the 
approach  suggested  by  Tilton  and  Cox  (1983)  and  by 
Beaulieu  and  Goldberg  (1989).  However,  this  ideal 
approach  becomes  impractical  for  all  but  very  small 
images,  even  when  implemented  on  a  massively  parallel 
computer. 

A  compromise  solution  to  this  problem  is  to  merge  a 
selected  set  of  region  pairs,  in  parallel,  each 
Iteration.  The  problem  then  reduces  to  finding  an 
effective  and  efficient  approach  to  select  some  best 
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set  of  region  pairs  to  merge  at  each  iteration.  The 
current  version  of  the  SCC  algorithm  selects  the  set 
of  region  pairs  to  be  merged  at  each  iteration  by 
choosing  the  best  merge  within  overlapping  subimages 
centered  on  each  region,  or  on  each  pair  of  spatially 
adjacent  regions.  The  specification  of  a  subimnge  and 
this  selection  process  will  be  given  in  the  following 
sections. 

Conventional  wisdom  in  the  image  analysis  field 
seems  to  be  that  all  region  growing  algorithms  must 
have  a  splitting  phase  in  order  to  be  as  effective 
and/or  efficient  as  possible.  Our  empirical  studies 
show,  however,  for  cases  where  the  sublmuges 
controlling  the  region  growing  process  are  of 
sufficient  size,  region  splitting  rarely  occurs,  and 
when  l.t  does.  It  has  no  discernable  effect  on  the 
segmentations  produced.  We  report  these  results  in 
mure  detail  in  a  later  section. 

DEFINITION  OF  A  SUBIMAGE  WITH  RESPECT  TO  A  REGION 

A  subimage’  with  respect  to  a  particular  region  can 
be  defined  recursively  as  follows:  A  level  0  subimage 
for  any  region  is  the  empty  set.  A  level  1  subimage, 
wit):  respect  to  a  region,  Is  the  region  Itself.  A 
level  2,  subimage,  with  respect  to  a  region,  is  the 
level  1  subimage,  with  respect  to  that  region,  plus 
all  regions  that  are  spatially  adjacent  to  the  level  1 
subimage.  Finally,  a  level  n  subimage,  with  respect 
to  a  region.  Is  tlie  level  n-1  submlmage,  with  respect 
to  that  region,  plus  all  regions-  that  are  spatially 
adjacent  to  the  level  n-1  subimage.  See  figure  1  for 
e.tamples . 

SPATIALLY  CONSTRAINED  CLUSTERING  (SCC)  ALGORITHM 

We  call  our  region  growing  algorithm  the  Spatially 
Constrained  Clustering  (SCC)  algorithm,  since  it  1$ 
essentially  a  technique  for  clustering  data  In  which 


(b) 


(c)  (d) 


Figure  1.  (a)  Level  1  subimage  for  region  R,  (b) 

level  2  subimage  for  region  R,  (c)  level  3  subimage 
for  region  R,  and  (d)  level  3  subimage  for  (a 
different)  region  R. 


only  spatially  adjacent  regions  can  group  together  at 
a  particular  iteration.  We  could  have  Just  as  well 
called  our  algorithm  Iterative  Parallel  Region 
Growing,  but  retain  the  SCC  name  to  maintain 
continuity  with  our  earlier  work  on  essentially 
similar  algorithms  (Tilton  and  Cox,  1983:  Tilton, 
1984;  Tilton  and  Ramaprlyan,  1988:  and  Tilton,  1988). 

The  basic  SCC  algorithm,  which  has  essentially 
remained  unchanged  from  our  earliest  work,  is  a 
follows: 

i.  Initialize  the  segmentation  process  by  labeling 
each  pixel  as  a  separate  region. 

11  Calculate  a  similarity  criterion  between  each 
pair  of  spatially  adjacent  regions. 

ill.  Merge  pairs  of  regions  that  meet  the  merge 
constraints. 

Iv.  Check  for  convergence.  If  converged,  stop. 
Otherwise  return  to  step  il . 

In  detail,  the  SCC  algorithm  has  evolved  over  the 
years.  The  main  elements  that  have  changed  are  the 
similarity  criterion  (In  step  11)  and  the  merge 
constraints  (in  step  ill).  The  convergence  criterion 
(In  step  iv)  have  changed  as  dictated  by  changes  in 
the  similarity  criterion. 

SIMILARITY  CRITERION 

The  original  SCC  algorithm  used  a  similarity 
criterion  based  on  a  combination  of  a  pair  of 
statistical  hypothesis  tests.  Both  tests  consider 
whether  a  pair  of  regions  come  from  the  same 
probability  distribution.  The  first  test  checks  the 
mean  values  of  the  regions,  assuming  unequal  region 
variances,  and  the  second  test  chucks  the  variances  of 
the  regions  (Tilton  and  Cox,  1983).  (Beaulieu  and 
Goldberg  (1989)  use  a  means  test -that  assumes  the  pair 
of  regions  tested  have  identical  region  variance. 
This  assumption  is  almost  universally  violated  for 
many  types  of  imagery,  e.g.  remotely  sensed  imagery.) 

Due  to  program  memory  restrictions  on  the  HPP,  a 
simpler  similarity  criterion  had  to  be  developed  for 
the  HPP  im:..'<>mentation  of  the  SCC  algorithm.  Thus  we 
have  develope.-'  a  iissimilarlty  criterion  based  on 
minimizing  the  increase  in  variance  normalized  mean 
squared  error  (Tilton  and  Ramaprlyan,  1988).  For 
completeness,  we  Include  a  brief  derivation  of  this 
dissimilarity  criterion  here.  (This  is  a 

dissimilarity  criterion  rather  than  a  similarity 
criterion  because  it  increases  with  increasing 
dissimilarity  between  a  pair  of  regions.) 

The  Mean  Square  Error  (MSE)  of  the  ki*’  band  a 
multiband  image  is  defined  as 

N 

.MSEfc  .  E((Dk-D£)i]  S  ^  (Dkp-Okp)^  (1) 

p.i 


where  Dj.  and  D{;  are  the  data  values  of  the  kt*>  band  of 
the  original  and  region  moan  Images,  respectively: 
D|jp  and  D^p  are  the  values  of  the  pth  pixel  of  the  kth 

band  of  the  original  and  reconstructed  Images, 
respectively;  E  denotes  the  expected  value;  and  N  Is 
the  total  number  of  pixels  in  the  image.  A  region 
mean  image  is  formed  by  substituting  the  mean  vector 
of  each  region  for  the  multlspectral  radiance  values 
of  each  pixel  in  the  region. 

The  variance  normalized  mean  squared  error  for  the 
k»*'  band  (NMSEg)  Is  defined  as 


NMSEk 


MSEk 

VARk 
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where  VARk  Is  the  vnriiinoe  of  the  k‘h  band.  For  a 
particular  pair  of  spatially  adjacent  regions.  ANMSF.b 
is  the  chani'e  in  N.MSEt  when  the  pair  of  regions  is 
merged  and  the  new  region  mean  image  is  formed  and 
compared  to  the'  original  image.  The  dissimilarity 
criterion  used  in  the  MPP  Implementation  of  the  SCC 

algorithm  is  the  MAX(4NMSEk )  for  each  pair  of 
k 

spatially  adjacent  regions,  where  the  ma.Mlmum  is  taken 
over  all  hands  (l^k^m).  (Optionally,  the 

dissimilarity  criterion  can  be  taken  ns  §  (ANMSEk).) 

The  change  in  N'MSEk,  or  AXM.Si.'k,  is  calculated  as 
follows: 

MSE^  -  .MSEj. 

Ak'MSEk  -  -  (3) 

VARk 


(a)  (b) 


Figure  2.  Conlrohling  subimages  for  (a)  merge 
constraint  level  2.5,  with  respect  to  region  R| ,  and 
(b)  merge  constraint  level  3.0,  with  respect  to 
regions  R|  and  Rj . 


where  .MSE^  is  tlie  mean  scpiarcd  error  when  regions  1 

and  j  are  merged,  while  MSEk  is  the  mean  scjuared  error 
before  regions  i  and  j  are  merged.  Using  the 
definitions  of  MSEk  and  the  region  mean,  it  is  easy  to 
derive  a  more  fundamental  version  of  equation  (3),  viz 

III  (I)ki-Dki)  ’  n,  (nk|-6kij 

AS'MSEk  “  -  (4) 

IVARk 

where  U|  and  nj  are  the  number  of  points  in  regions  i 
and  j,  respectively,  before  combining,  and  N  is  the 

number  of  points  in  the  image.  5ki  and  Dkj  are  the 
mean  values  of  band  k  for  regions  i  and  j, 

respectively,  before  combining,  and  Dkij  is  the  mean 
value  of  bund  k  for  the  region  that  would  result  from 
combining  regions  i  and  J. 

MERGE  CONSTRAINTS 

The  original  SCC  algorithm  simply  merged  the  single 
most  similar  pair  of  spatially  adjacent  regions  over 
the  entire  image  in  each  Iteration  (Tilton  and  Cox, 
1983).  This  is  also  tlie  approach  taken  by  Beaulieu 
and  Goldberg  (1989).  As  noted  earlier,  this  ideal 
approach  is  impractical  for  all  but  very  small  images, 
even  when  implemented  on  a  massively  parallel 
computer.  However,  in  light  of  the  persuasive 
theoretical  justification  given  by  Beaulieu  and 
Goldberg  (1989)  in  favor  of  pchforralng  the  best  single 
merge  per  Iteration,  we  have  sought  to  develop  an 
appro.ximation  of  this  approach. 

The  following  scheme  should  closely  approximate  the 
one  merge  per  Iteration  approach.  At  each  iteration 
first  divide  the  image  into  a  set  of,  possibly 
overlapping,  subimages,  and  then  perform  the  best 
merge  within  each  subimage.  After  each  iteration  the 
ser  of  subimages  would  be  redefined  appropriately.  At 
early  iterations,  when  the  individual  regions  are  very 
small,  the  subimages  would  be  relatively  small.  At 
later  iterations,  when  the  average  region  size  is 
larger,  the  subimages  would  also  be  larger.  For  the 
final  iterations  the  subimages  may  equal  the  entire 
image.  For  large  enough  subimages,  this  approach 
should  closely  approximate  the  ideal  one  merge  per 
iteration  approach 

A  suitable  massively  parallel  implementation  of 
this  scheme  would  allow  concurrent  performance  of  all 
the  merges  at  each  Iteration.  Depending  on  the  size 
of  the  image  and  subimages,  up  to  several  thousands  of 
merges  to  o..cur,  in  parallel,  during  the  initial 
iterations. 

In  order  to  better  describe  how  the  current  version 
of  the  SCC  algorltlim  ImplemiMits  this  scheme,  we  first 


define  merge  constraint  levels.  Constraint  level  n 
signifies  that  merges  are  constrained  to  be  the  best 
merge  within  the  union  of  the  level  n  subimages  with 
respect  to  each  of  the  potentially  merging  region 
pairs.  Constraint  level  n-0.5  signifies  merges  are 
constrained  to  be  tlie  best  merge  within  the  level  n 
subimage  with  respect  to  only  one  of  the  potentially 
merging  region  pairs,  (by  the  definition  of  a  level  n 
subimage,  the  level  n-1  subimage  of  a  region  is 
contained  within  the  level  n  subimage  of  a  neighboring 
region.  Thus,  for  a  level  n-0.5  merge  constraint,  one 
of  the  merging  regions  is  the  best  merge  within  it's 
level  n  subimage,  and  the  other  is  the  best  merge 
within  it’s  level  n-1  subimage.  The  level  n-0.5  merge 
constraint  comes  from  the  average  level  of  the  two 
subimages  controlling  the  merging  process.)  Sue 
figure  2  for  a  graphical  description  of  the  subimages 
over  whlcli  best  merges  are  performed  at  selected 
constraint  levels. 

Employing  merge  constraint  level  0.5  in  the  SCC 
algorithm  is  equivalent  to  performing  the  best  merge 
for  each  region,  without  regard  to  what  would  be  the 
best  merge  for  any  neighboring  region.  Note  that  this 
constraint  level  allows  strings  of  regions  to  merge 
together  at  each  Iteration.  A  co.iibinntion  of  a  0.5 
merge  constraint  level  with  an  ad  hoc  global  thresliold 
is  the  merge  constraint  used  by  an  earlier  version  of 
.lie  SCC  algorithm  (Tilton,  1988). 

Wlllebcek-LeMalr  and  Reeves  (1988)  describe  a 
region  growing  process  similar  to  the  SCC  algorithm. 
Besides  the  similarity  functions  <.ud  region  features 
utilized,  tlie  essential  difference  between  the  SCC 
region  growing  process  as  described  in  Tilton  (1988) 
and  the  region  growing  process  described  by 
KiUebeek-LeMair  and  Reeves  is  a  requirement  that  all 
merges  be  pairwise  mutually  best  for  the  regions 
merged  at  any  iteration.  Under  this  restriction,  only 
pairs  of  regions  merge  at  any  given  iteration.  When 
this  pairwise  mutually  best  constraint  was  added  to 
the  SCC  algorithm  it  was  found  that  the  ad  hoc 
dissimilarity  threshold  could  be  raised  at  a  faster 
rate,  thus  achieving  faster  convergence,  while 
maintaining  the  quality  of  the  resulting 
segmentations.  Under  the  merge  constraint  level 
scheme,  this  is  equivalent  to  a  combination  of  a  1.0 
merge  constraint  level  with  an  ad  hoc  global  threshold 
in  the  SCC  algorithm.  (However,  the  merge  constraint 
level  1.0  scheme  does  not  break  ties  as  dons  the 
pairwise  mutually  best  constraint  scheme.  In  this 
scheme  it  is  possible  for  a  region  to  merge  with  two 
other  regions  if  its  dissimilarity  function  value 
versus  those  two  regions  is  identical.) 

The  current  version  of  the  SCC  algorithm  can  also 
perform  region  growing  based  on  merge  constraint 
levels  higher  than  1.0.  in  addition  to  performing 
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region  growing  bnsed  on  merge  constraint  levels  0.3 
and  1.0. 

The  see  .ilgorlthn  also  employs  an  ad  hoc  overall 
merge  threshold..  If  a  merge's  dissimilarity  function 
value  Is  not  hot  ter  or  eipial  to  this  overall  merge 
threshold,  It  will  not  be  e.xccuted,  even  If  It  Is  the 
best  merge  In  Its  snhlmage.  The  overall  merge 
threshold  currently  used  by  the  SCC  algorithm  Is  as 
follows: 

,  ME  -  NMSE 

Thresh  •  -  (3) 

(*,'•>  .\'R)  »  TR 

where  KMSE  •  .%'}l(.M|\X(N'MSBki  j  ) ) .  k*l  to  m.  i«l  to  Xi  . 

j*l  to  Ni  (m  '  number  of  bands.  Xi  »  number  of  rows. 
N'j  •  nurabe!'  of  columns).  ME  (a  user  defined  parameter) 
Is  the  maximum  .-'.llowable  value  for  NMSE,  NR  Is  the 
dumber  of  regions  In  the  Image  at  the  current 
Iteration,  and  FR  (another  user  defined  parameter)  is 
the  estimated  fr.action  of  regions  participating  In 
merges  each  Iteration.  This  overall  threshold 
generally  does  not  affect  the  merges  performed  until 
the  final  few  iterations 

PIXEL  SPLITTING 

Cunventiona)  wisdom  in  the  Im.tge  analysis  field 
seems  to  be  that  all  region  growing  algoritlims  must 
have  a  splitting  phase  in  order  to  be  most  effective 
and/or  efficient.  Until  recently,  we  also  accepted 
this  conventional  wisdom,  and  had  for  some  time 
planned  to  add  a  pixel  splitting  stage  to  the  SCC 
region  growing  algorithm  with  the  hope  of  further 
Improving  results. 

In  our  plxbl  splitting  stage  all  pixels  in  all 
regions  are  examined  to  determine  whether  or  not  the 
overall  region  feature  values  have  drifted  away  from 
the  feature  values  of  individual  pixels  within  e-ach 
region.  Pixels  are  split  out  from  regions  that  have 
become  too  dissimilar  to  them  by  rol.ihellng  these 
pi.xels  as  individual  regions.  The  split  nut  pl.xels 
may  join  with  another  neighboring  pixel  or  region  in 
the  next  ensuing  icglon  growing  stop. 

Empirical  studies  of  this  region  growl  ng/pl.xel 
splitting  combination  showed,  however,  that  pixel 
splitting  rarely  occurred,  and  had  no  discern.able 
effect  on  the  segmentations  produced  if  merge 
constraint  level  was  i.O  or  higher. 

EXPERIMENTAL  RESULTS 

A  128-by-128  subset  of  a  7-band  Landsat  Thematic 
M.npper  (TM)  iqiage  collected  over  the  CSGS  Ridgely. 
Maryland  Quadrangle  was  used  as  a  test  data  set  for 
this  study.  Test  results  are  given  In  Table  1. 

Table  1  shows  tliat  for  this  case,  pl.xcl  splitting 
never  improved  the  segmentation  results,  wltli  tlie  only 
discernable  difference  in  results  being  at  constraint 
level  0.5.  Increasing  the  constraint  level  generally 
Improves  the  segmentation  result  (decreases  the  value 
of  NMSE).  The  only  exception  to  this  Is  Increasing 
the  constraint  level  from  1.5  to  2.0  actually 
inerttsei  the  measured  value  of  N.MSE.  However,  a 
visual  inspection  of  the  segmentation  results  shows 
that  the  segmentation  produced  witli  constraint  level 
1.5  merges  a  large  agrlcultura)  ■  'd  together  with  a 
large  forested  area.  The  segme^  .ion  produced  with 
constraint  level  2.0  does  no  merge  any  large 
agricultural  fields  with  large  forested  areas  or  any 
other  ground  cover  type.  Thus  the  visual  quality  of 
the  segmentation  with  constraint  level  2.0  seems  to  be 
better.  An  Improved  quantitative  error  measure  is 
apparently  needed.  Similar  results  have  also  been 
obtained  with  other  TM  Images,  Synthetic  Aperture 
Radar  (SAR)  imagery,  and  a  simulated  data  set. 


j  Table  1 . 

Test  results  obtained  for 

the  test  1 

t  image  for 

various  merge  constraint 

levels,  with  ( 

fi  nnd  without  pixol  splitting,  for  MK 

^  1.0  and  i 

1  FR  0.5. • 

(Results  given 

for  iteration  where  i 

a  the  numbei 

of  regions  equal 

s  20). 

Constraint  Pixel 

Number  of 

i  Lovp 1 

Snl i tling 

NMSE* 

Iterations 

1 

NO 

0.989 

6 

3  0.5 

YES 

1.008 

j  1.0 

NO 

0.892 

36 

1  1.0 

YFS 

0.892 

36 

1  '  • 

NO 

0.846 

85 

I 

NO 

0.857 

184 

*  ME.  FR  and  NMSE  as  defined  in  Equation  5. 
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ABSTRACT 

This  synthesis  paper  proposes  to  show  the 
principal  contributions  of  Mathematical  Morphology 
(MM)  to  extracting  Information  from  an  image. 

The  first  part  reviews  the  different  steps  of 
knowledge  extraction  according  to  a  simulation  model 
of  visual  perception  and  understanding.  The  corres¬ 
ponding  operations  In  digital  Image  processing  and 
the  place  of  MM  are  thus  organized  from  low  level  to 
high  level  functions. 

The  second  part  describes  the  principal  opera¬ 
tions  of  MM  and  the  properties  of  morphological 
operators. 

The  third  part  presents,  for  the  low  level 
functions,  the  Interest  of  the  alternated  sequential 
filters  for  noise  removal  and  textural  feature 
extraction.  In  edge  detection,  skeletons  are  effi¬ 
cient  for  zero-crossing  location  In  early  vision 
modeling.  Dlrectlonnal  Information  Is  also  accessible 
with  a  good  choice  of  structuring  elements. 

The  fourth  part  shows  the  connex  components 
level  where,  after  a  segmentation  or  a  classifi¬ 
cation.  filtering  on  length  and  size  parameters  are 
very  useful  In  both  local  and  global  measurements. 

The  fifth  part  concerns  high  level  functions  In 
structure  quantification  of  objects  Image.  Two 
families  of  functions  are  described  :  global  measu¬ 
rements  and  symbolic  description  by  graph  construc¬ 
tion. 

The  paper  describes  In  the  three  latest  parts 
methods  already  Implemented  but  also  some  new  algo¬ 
rithms  Ideas. 

Key  words  :  Mathematical  Morphology.  Image  analysis. 


INTRODUCTION 

The  use  of  Mathematical  Morphology  In  remote 
sensing  Imagery  processing  is  a  methodology  recently 
Introduced  If  we  consider  other  approaches  now  very 
well  known  in  Image  analysis.  For  example,  local 
statistics  or  global  histogram  handling  are  traditio¬ 
nal  technics  In  the  digital  Imagery  field.  The  Idea 
of  morphological  analysis  Is  Interesting  because  It 
is  a  complementary  point  of  view  In  comparison  with 
others  methods:  It  consists  of  a  geometrical  approach 


of  Imap.e  processing  using  set  operators  such  as 
union,  liitarsectlon  and-  complementation.  The  diffe¬ 
rent  operations  are  generated  by  a  structuring 
element,  doflned  by  a  particular  shape  of  pixels, 
acting  on  the  objects  independently  of  there  size, 
shape  and  grey  level. 

I  -  THEORY  OF  ANALYTICAL  INTERPRETATION 

Knowledge  extraction  on  a  scene  by  visual 
analysis  of  an  Image  Is  an  efficient  process  which  is 
commonly  used  In  many  application  fields.  The  obvious 
results  obtained  by  this  way  allows  to  think  that 
human  perception  and  understanding  Is  a  good  model  of 
methodology  In  digital  Image  processing  (BARLOW.  1972 
HARR.  1980).  In  remote  sensing,  this  Idea  Is  not  new 
and.  In  this  approach,  different  authors  have  produ¬ 
ced  numerous  basis  with  respect  to  photolnterpre- 
tatlon  for  many  years  (COLWELL.  1965  J  GUY.  1970). 
Thus,  reference  to  the  human  model  Is  very  often 
useful  to  build  strategy  in  Image  analysis  ;  we  can 
use  It  to  organize  the  tasks  which  give  access  to  the 
different  kinds  of  characteristics  present  In  an 
image  (FLOUZAT.  1982  ;  WANG.  1983). 

To  follow  this  reasoning,  the  theory  of '  analy¬ 
tical  photo-interpretation  (FLOUZAT,  1982)  Is  a 
contribution  to  order  the  description  of  an  Image  in 
elementary  steps.  In  short.  It  must  define  the 
relationships  existing  between  the  penomena  studied, 
their  representation  In  the  image  and  the  correspon¬ 
ding  digital  processing  for  automatized  feature  and 
knowledge  extraction.  Three  main  parts  are  therefore 
necessary  to  set  data  processing  functions  In  order 
to  perform  an  advanced  Image  analysis  (FLOUZAT, 
1988). 

The  first  one  Includes  the  low  level  functions 
to  map  out  raw  primal  sketch  (MARR,  1980)  with 
textural,  geometric  and  spectral  primitive  features. 
The  second  one  consists  of  objects  extraction  and 
characterization  functions  to  make  up  the  continuous 
sketch  of  the  photointerpreters  with  significant 
textural  elements  (almost  equivalent  to  segmentation 
and  measurements  on  connected  components) .  The  third 
one  is  composed  of  the  high  level  functions  used  to 
obtain  spatial  arrangement  quantifications  correspon¬ 
ding  to  the  attempt  at  doing  .in  help  for  realistic 
interpretation. 

In  this  paper,  morphological  methods  In  remote 
sensing  are  presented  In  relation  with  these  three 
functions  categories. 


I 
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II  -  MATHEMATICAL  MORPHOLOGY 


Mathematical  morphology  is  a  concept  of  image 
processing  based  upon  set  theoretical  aspects  princi¬ 
pally  developed  at  the  Ecole  des  Mines  (Paris)  in  the 
1960's  and  described  in  MATHERON  (1975),  SERRA  (1982, 
1986).  In  a  digital  image,  the  set  P  of  the  positions 
and  the  set  T  of  the  grey  tones  defined  an  image 
function  f  (x,y)  with  PC  1N“  and  TC  (N  D  C0,2553  ). 
The  resulting  image  I,  one  byte  encoded,  is  made  up 
of  a  set  of  parts  ^(I)  composed  of  all  the  subsets  X. 
Morphological  operations  consist  of  transforming  sets 
X£.iP(I)  into^(X)  by  action  of  structuring  elements 
B  modifying  X  by  union.  Intersection  or  complementa¬ 
tion.  The  structuring  element  B  acts  as  a  geometric 
probe  whose  shape  and  dimension  allow  the  extraction 
of  particular  forms  when  a  translate  of  B  is  contai¬ 
ned  in  a  part  of  a  set  X  or  its  complement.  Thuqs  the 
geometrical  properties  of  B  (symetry,  convexity, 
orientation,  shape,  size)  entail  an  a  priori  know¬ 
ledge  of  the  characteristics  of  the  extracted  parts 
of  X. 

Erosion  and  Dilation 

Let  X£S’(I)  be  a  set,  x  a  point  of  X,  BCP  a  struc¬ 
turing  element  and  B  the  translated  of  B  whose 
origin  is  X.  The  eroded  set  X@B  of  X  with  respect  to 
B  is  the  set  of  points  x  such  that  B  is  Included  in 
X  : 

X0  B-{x|B^CX} 

The  erosion  can  be  expressed  also  in  translation 
terms  :  the  intersection  of  all  the  translated  of  X 
by  Ob  define  the  eroded  set  when  Ob  described  the 
whole  structuring  element  B  : 

"  ®  ^  bCB^'ob 

In  Che  same  way,  the  erosion  of  a  grey  cone  function 
f  by  B  is  the  function  g  •  f  ©  B  defined  by  the 
Incersecclon  of  the  translate  of  f.  At  any  point  x, 
g^x)  is  given  by  the  minimum  of  these  translated 
functions  : 


simpler  structuring  elements.  Erosion  (dilation)  by 
such  an  element  is  equivalent  to  successive  erosions 
(dilations)  by  the  subelcments. 

Opening  and  closing 

As  the  eroded  set  of  X  by  B  is  the  set  of  origins  x 
of  B^  included  in  X,  Che  opening  X^  of  X  is  : 

^B  ■'^xe(X  ©  B)®x 

and  asU  — „B  “X  ®  B,  we  have  X„  ■  (X©  B)  ®  B. 

X  D 

Opening  can  be  also  expressed  in  terms  of  unions  and 
intersections  of  translates  of  the  set  X. 

In  a  grey  tone  Image,  the  opening  of  a  function  f  by 
B  is  Che  function  g  such  as  : 

g(x)  -  [(f©B)  ®  b]  (x) 

-  sup  {inf  (f(z))  I  V  X  e  P 

ySB*-  zEB  ’ 

X  y 

As  erosion  and  dilation  are  dual  operations  with 
regpecC  to  complementation,  the  morphological  closing 
(X”)  is  Che  dual  operation  of  closing  : 

X®  -  (X  ©  B)  ®  B 

For  a  grey  tone  function  f,  Che  closing  g  is  the 
following  function 

g(x)  -  [({  ®  B)  ©  b]  (x) 

•  lnf{  sup  (f(x))  I  V  X  E  P 
yEB^  zEBy  ' 

The  most  important  property  of  opening  and  closing  is 
Idempotence.  And,  as  the  two  are  increasing  opera¬ 
tions  and  as  opening  is  anclexcenslve  and  closing  is 
extensive,  it  is  possible  Co  know  ridge  and  valleys 
of  a  function  at  the  first  iteration  :  this  is 
obtained  by  comparison  between  original  and  trans¬ 
formed  function  independently  of  the  grey  level. 


g(x)  -  inf{  f(y)}  VxEP 

ye  B 

Taking  into  account  the  duality  with  respect  to 
complementation,  Che  morphological  operation  called 
dilation  (noted  ®  )  is  the  dual  operation  of  erosion: 

X  ®  B  -  (X*^  ©  B)*^ 

In  translation  terms  : 


==  ®  ®  ■  ^b£B  >‘0b 


And  because  of  the  duality  with  respect  to  erosion, 
the  dlalced  set  of  X  is  defined  also  as  the  follo¬ 
wing  : 

X  ®  B»|x  IBjjHX  ^  } 


For  a  grey  Cone  function,  Che  dilation  of  f  is  also 
the  dual  operation  of  erosion  : 


g(x)  »  sup  { f(y)} 


Sequential  operations  of  erosion  and  dilation  are 
interesting  :  the  ultimate  eroded  point  of  X  can  be 
used  as  a  mark  of  the  origin  object  and  opens  possi¬ 
bilities  for  counting  labeling  technics.  A  sequence 
of  dilations  of  set  X  by  B  restricted  to  an  Y  set  is 
called  conditional  dilation  of  X  in  Y.  The  result  is 
the  filling  of  Y  fron  X.  Note  also  that  a  structuring 
element  can  be  considered  to  be  Che  union  of  several 


An  other  interesting  property  comes  from  a  sequence 
of  openings  with  an  Increasing  size  of  structuring 
element.  Thus,  it  allows  the  extraction  of  bigger  and 
bigger  objects  (binary  case)  or  of  bigger  and  bigger 
ridge  by  difference  functions  at  each  iteration  and 
regardless  of  the  local  shape  or  the  local  signal 
intensity. 

Morphological  filters 

Opening  and  closing  can  generate  many  filters  in 
relation  with  their  properties  and  their  order  In 
processing  sequences.  Morphological  openings  and 
closings  have  the  following  properties  : 

fg  <  f  C  f®  (1), 

f  C  g  ->  fg  gg  and  f^  g^  (Increasing)  (2), 

(f-)„  ”  f„  and  (f^)^  ”  f^  (Idempotence)  (3). 

D  b  b 

Generally,  one  calls  an  algebraic  opening  (resp, 
algebraic  closing)  any  transformation  which  satifles 
the  (1),  (2)  and  (3)  properties.  If  only  (2)  and  (3) 
are  satisfied,  the  transformation  is  called  a  morpho¬ 
logical  filter.  It  can  be  proved  (MATHERON,  1975) 
that  every  algebraic  opening  f(f)  is  the  Sup  of 
morphological  opening  fg  where  B  is  the  set  of  all 
the  possible  neighbourhood,  (same  theorem  holds  for 
closing  by  replacing  Sup  by  Inf).  Thus,  if  y,  and  Y 2 
are  two  algebraic  opeings  (resp.  closings),  then  Y 
-  Max  (yj,y2)  algebraic  opening 

(resp.''^  “  Min  (fj ,  ^2)  is  an  algebraic  closing). 


In  the  following,  we  note  and  respec  .  for 
algebraic  openings  and  closings  ;  let  X  .>  >  i- 
meter  of  the  neighbourhood  considered  as  '<  •  - 

sing  function  of  the  size  of  this  nelghbourh 
A  morphological  filter  can  begin  with  an  al 
opening  followed  by  the  corresponding  ,  t. 

Ov,  ^2  ^  closing  beginning 

followed  by'l^'^).  A  typical  sequence  may  be  written  : 

“n  ■  “An  •••*  "1X2  “Al 

with  m^  -  2'x 

and  <  ^2  <  .  < 

This  kind  of  operators  such  as  M  belongs  to  the 

general  theory  of  the  Alternated  Aquentlal  Filters 
(ASF)  defined  by  SERRA  (1986).  Filter  M  Is  Increa¬ 
sing  and  Idempotent  and  : 

V  >  |J  «>  and  >  Vp 

The  ASF  also  satisfy  the  following  law  of  absorp¬ 
tion  : 

n'  X  n  -->  H  ,  M  -  H  , 
n  n  n' 
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Definition  of  skeleton  of  set  X  Is  also  given  by 
union  of  the  disks  centres  with  maximum  radius 
Included  In  X.  Generally,  this  Is  modelled  by  the 
following  distance  d  : 

d  (x,  X")  with  X  e  X 
Point  X  belong  to  skeleton  If  : 

d  (x,  bj)  -  d  (x,  b2) 

with  bj  £  x“  and  b^  £  X*^  and  b^,  b2  on  two  opposite 
sides.  Computation  of  this  distance  a  makes  a  grey 
levels  function  where  ridges  are  equivalent  to  the 
skeleton  of  X.  Squeletlzatlon  Is  a  neither  Increasing 
nor  decreasing  transformation  but  It  Is  antlextenslve 
and  Idempotent  and  preserve  connectivity  and  homo- 
copy. 

Skeleton  exists  also  for  X^  and  It  Is  defined  by 
points  X  £  X  at  the  same  distance  d(x,X)  of  diffe¬ 
rent  subsets  of  X. .One  calls  this  skeleton  a  SKIZ  : 
skeleton  by  Influenced  zones. 

In  conclusion,  thinning  and  skeleton  allow  the 
extraction  of  singular  lines  of  an  Image  and  that  Is 
very  Important  for  morphological  analysis. 


Thus,  the  general  structure  of  morphological  filters 
Is  well  defined  and  the  main  difficulty  Is  often  to 
construct  algebraic  openings  and  closings  adapted  to 
the  purpose  :  the  choice  of  structuring  element  Is 
very  Important  to  make  Interesting  properties  or  the 
filters. 

Thinnings  and  skeletons 


Thinnings  and  skeletization  notions  are  principally 
derived  from  hit  or  miss  transformations. 

For  a  set  X  £^I),  x  £  X  and  a  structuring  element 
B  which  Is  In  two  complementary  parts  (B1  and  B2), 
the  hit  or  miss  transformation  of  x  by  B  (noted  Xfl>B) 

X  •  B  «  I X  I  Blj^  C  X  and  B2j^  C  X"  I 
with  B1  n  B2  •  fr 

In  the  binary  case,  such  a  structuring  element  shows 
that  detected  points  x  belong  to  the  Inside  boundary 
of  X.  The  thinning  of  set  X  (noted  X  o  B)  with  B  Is 
obtained  by  putting  In  0  the  origin  of  B  when  the 
chosen  configuration  (Bl,  B2)  Is  locally  matched  with 
the  Image.  Hence,  the  thinning  of  X  results  from  the 
difference  : 

X  O  B-X-(X  ®  B) 

This  operation  can  be  Iterated  as  the  others  elemen¬ 
tary  morphological  operators.  At  a  given  step.  If  an 
object  does  not  contain  the  part  Bl,  the  thinning 
does  not  act  on  the  considered  object  and  Its  connec¬ 
tivity  It  preserved.  More  generally,  thinning  Is  also 
possible  on  grey  tone  Images. 


Ill  -  LOW  LEVEL  FEATURE  EXTRACTION 

Some  results  have  been  already  obtained  In  remote 
sensing  by  MM  at  this  level  of  modelling  early  vision 
process. 

the  first  problem  In  Image  analysis  Is  generally  the 
enhancement  of  the  observed  phenomena  representation. 

More  precisely,  the  perturbations  generated  by 
coherent  Illumination  such  as  speckle  in  radar 
Imagery  are  a  great  difficulty  for  visual  or  digital 
analysis.  In  this  field,  alternated  sequential 
filters  are  interesting  because  of  acting 
alternatively  on  local  minima  and  maxima  whlthout 
modification  of  the  local  mean  level. 

Different  families  of  ASF  (SERRA,  1986)  can  be  used 
to  remove  speckle.  For  example,  multldirectlonnal 
filter  (SAFA,  1986,  1989)  and  comparative  filter 
(SAFA,  1989)  have  been  developped  in  the  general 
formulation  : 


In  the  dlrectionnal  filter,  dimension  n  of  the 
structuring  element  Is  determined  by  the  mean  speckle 
grain  width.  In  the  comparative  filter,'  dimension  n 
determine  radius  and  shape  of  pseudo-circular  struc¬ 
turing  element. 


This  kind  of  ASF  Is  very  efficient  :  local  mean  has  a' 
good  preservation  and  standard  deviation  Is  very 
decrased  (SAFA,  1989). 


The  skeleton  of  a  set  X  Is  based  on  the  following 
notion  :  It  conslts  to  describe  the  shape  of  a  set  by 
a  more  simple  set.  In  the  binary  case,  skeleton  Is 
corresponding  to  the  Ideas  of  blssector  and  medium 
axis.  Skeleton  can  be  built  with  Iterative  thinning 
precessed  untlll  the  Idempotence  Is  obtained  : 


X  O  „B 


°(n+l)® 


An  other  construction  of  a  skeleton  Sq  (X)  of  set  X 
Is  realized  also  by  Iterative  processing  : 


Sq(X) 


U  (X  9  ^B)  n  [((X  9  ^B)  9  pB)  ®  pb]‘ 


n  >  0  ,  p  >  0 


Moreover,  morphological  filters  are  an  Indirect  way 
of  obtaining  textural  information  :  results  of 
low-pass  filtering  provides  a  low  frequency  component 
of  the  Image,  and  the  high-frequency  component 
contains  textural  information. 

A  complementary  approach  (BOUSQUET,  1986)  Indicates 
also  the  interest  of  enhancement  of  flat  grey  levels 
segments  determined  after  conventional  textural 
analysis  by  using  morphological  filters. 
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For  many  applications,  edge  detection  methods  are 
very  often  necessary  to  detect  local  contrasts  and 
delineate  boundaries  betwen  ground  objects.  The 
Introduction  of  MM  for  this  aim  Is  based  on  compu¬ 
tation  of  the  residues  of  erosion  and  dilation 
operators.  Morphological  gradient  can  also  contribute 
to  edge  detection  by  combining  theese  two  elementary 
operators.  Generally,  the  result.';  quality  Is  related 
to  the  existing  loca’  perturbations.  To  avoid  this 
difficulty,  two  ways  are  actvially  used. 

The  first  one  consiC  of  copolne  blur  with  grey  tone 
erosion  and  dilation  1986).  It  seems  that  this 

blur  minimum  morphologic  edge  operator  It  a  less 
expansive  method  to  extract  edges  In  many  Images.  The 
second  one  consists  in  mode.lllng  early  vision  by 
morphological  filtering  in  two  channels  size-tuned 
with  two  spatial  frequencies  levels.  Theese  two 
conditions  define  dimensions  of  structuring  elements 
used  to  thin  result  of  first  derivative  operators 
(MADIER,  1986).  Now,  It  Is  Interesting  to  see  the 
Interest  of  algorithm  which  use  skeleton  for  the 
zero-crossings  location  in  comparison  with  the  others 
methods. 

Extraction  of  singular  lines  Is  an  other  Important 
chapter  in  Image  analysis.  For  example,  ridges, 
valleys,  roads  and  by  hydrologic  networks  are 
Important  Information  but  the  elongated  shapes  Imply 
more  complex  morphological  model  for  a  good  feature 
extraction.  This  Is  possible  by  appropriate  sequences 
applied  to  well  adapted  spatial  resolution  Images 
(DESTIVAL,  1986,  1987a,  1987b).  Stimulating  attempts 
are  also  realized  by  3D  morphological  approach  on 
digital  terra.ln  models  to  obtain  physicaly 
significant  ridges,  peaks,  valleys  and  watersheds. 

Spectral  characteristics  are  a  priori  out  of  the 
domain  where  MM  can  be  used.  Nevertheless,  If  we 
canslder  a  two  spectral  channels  Image,  positions  of 
points  belonging  to  the  different  classes  of  training 
fields  constitute  an  Image.  This  2D  space  Is  open  to 
classification  technics  derived  from  imagery 
processing.  The  principle  of  such  a  methodology  Is  to 
group  points  In  objects  and  to  separate  the  corres¬ 
ponding  objects  by  SKIZ  or  distances  computation 
(MADIER  1986a,  1986b,  1987).  Different  methods  have 
been  tried  and  a  particular  attention  Is  Important  to 
solve  overlapping  problems  between  different  classes. 

IV  CHARACTERIZATION  AT  CONNECTED  COMPONENT  LEVEL 

In  this  part  of  Image  analysis  digital  processing 
contribute  to  enhance  results  of  low  level  functions 
by  simplifying  the  scene  Into  a  continuous  sketch 
defined  by  connected  entitles  or  segments. 

The  place  of  MM  Is  fundamental  to  do  reconstruction 
and  segmentation  from  classified  Images  :  this  case 
reduced  to  a  set  of  binary  Images  formed  by  a 
sequence  where  one  class  Is  considered  with  Its 
complement  (the  union  of  all  the  other  classes).  An 
Important  task  Is  to  cancel  out  artificial  texture  of 
classified  Images  and  many  algorthlms  are  possible 
(DURAND,  1985,  FLOUZAT,  1986). 

Enhancement  by  agglomeration  coupled  with  size 
filtering  Is  now  well  known  (FLOUZAT,  1983,  198A) 
and  very  useful  to  extract  quantitative  information  : 
principle  is  based  on  closing  followed  by  Increasing 
openings  ;  the  results  show  significant  vlaual  object 
and  give  measurements  about  size  distribution  of 
elementary  parts  of  the  considered  class  like  after  a 
sieving. 

At  this  level,  geometric  analysis  is  therefore  a 
contribution  to  image  processing  and  MM  allows  to 
extract  shape  primitives  to  do  shape  recognition 
(SHAPIRO,  1986).  Quantitative  characterization  of 
natural  forms  by  elementary  operators  sequences  are 
also  directly  possible  (MERING,  1987a,  1987b). 


More  generally,  MM  conducts  to  many  objects  filtering 
based  on  the  different  labels  recognized  on  the 
objects.  Directional  filtering  belongs  to  this 
processing  family.  When  a  class  of  things  extracted 
from  an  Image  Is  well  contrasted,  one  acts  on  size 
and  orientation  of  linear  structuring  elements.  The 
basic  operation  Is  a  sequential  opening  where  a 
parameter  of  the  structuring  element  is  modified  at 
each  interation.  Thus,  If  such  a  geometric  probe  Is 
Included  (or  xiot)  in  an  object,  this  one  has  the 
corresponding  label  (or  not) .  This  method  Is  very 
efficient  for  the  principal  direction  analysis  on  a 
digital  image  (HIRIEL,  1989). 

Filtering  on  the  length  of  a  class  of  entitles  Is 
also  possible  with  MM  sequenced  operators,  that  Is  a 
traditional  case  of  the  use  of  skeleton.  The  Inte¬ 
resting  class  of  objects  Is  reduced  to  a  binary  Image 
and  skeleton  is  computed.  A  logical  transform  Is 
generated  along  an  Iterative  process  and  recognize 
the  terminations  of  skeleton  branches.  For  one 
Iteration,  skeleton  Is  less  longer  than  two  pixels  ; 
therefore  at  the  Iteration  \  ,  skeleton  have  lost  2k 
pixels  and  objects  with  a  skeleton  more  little  than  2a 
are  cancelled.  Conditional  dilation  .using  such  a 
skeleton  as  a  mark  permits  to  build  original  objects 
of  a  length  class  (FLOUZAT,  1986). 

Likewise,  an  analysis  of  skeleton  can  furnish  a 
directional  Information  by  considering  Its  points  as 
a  graph  and  computing  a  linear  regression  on  It. 

V  HIGH  LEVEL  STRUCTURE  QUANTIFICATION 

The  contribution  of  MM  In  Image  understanding 
concerns  principally  quantitative  global  description. 
In  this  step  of  Image  analysis.  Interesting  Informa¬ 
tion  generally  comes  from  structure  characteristics. 
Thus,  the  essential  problem  to  solve  is  to  quantify 
an  image  by  scene  analysis  corresponding  to  visual 
Interpretation. 

The  first  step  of  this  methodological  part  Is  based 
on  the  generalization  of  local  measurements  adapted 
to  every  connected  component.  For  eJcample,  direc¬ 
tional  filtering  of  labeled  entities  gives  easily 
statistics  about  angular  distribution  for  the  whoole 
population  of  objects.  Then,  all  the  possible  compu¬ 
tations  on  such  an  histogram  provide  global  measu¬ 
rements  on  the  scene.  This  method  can  be  generalized 
to  the  different  labels  of  connected  components  built 
at  the  previous  step.  If  digital  processing  at  this 
level  is  associated  with  data  base,  global  handling 
of  entitles  Is  more  easy.  In  the  same  way.  Intercept 
measurements  applied  to  the  objects  level  Indicate 
global  spatial  arrangement  In  the  image.  Thus, 
statistics  on  intercept  frequency  versus  polar  angle 
or  on  length  frequency  provide  information  about 
spatial  position  and  orientation  of  objetes. 
(FLOUZAT,  1986) 

An  other  kind  of  global  measurements  can  be  derived 
directly  from  morphological  operators.  A  first 
example  is  the  morphological  compaclty  Index 
(FLOUZAT,  1984)  which  is  the  ratio  betwen  the  opening 
and  closing  of  the  same  set.  This  Index  Is 
interesting  because  It  gives  two  global  Informations 
about  shapes  and  edges  physionomy.  It  have  also  an 
intersting  behaviour  when  it  is  used  iteratively  with 
an  Increasing  structuring  element.  Numerous  others 
measurements  have  been  developped  to  have  global 
observations  but  also  in  order  to  make  a  monotorlng 
of  classified  image  enhancement  (DURAND,  1985). 

The  second  step  of  structure  quantification  Is  based 
on  symbolic  graph  computation. 

The  aim  Is  to  obtain  a  global  or  a  limited  area  graph 
representing  spatial  arrangement  by  a  measurement  of 
adjacency  lengthes.  This  can  be  computed  by  a  very 
simple  morphological  processing  ;  let  L  (A,N)  be  the 


contact  length  betwen  sets  A  and  N  : 

L  (A,N)  -  Card  [.(A  e  B)  fl  N  ] 

The  meaning  Is  that  L  (A,N)  Is  obtained  by  points 
dilated  from  A  and  restricted  to  N.  By  derivation,  L 
(A,  I  -  A  )  Is  the  adjacency  length  between  set  A 
and  all  of  the  others  sets  In  the  liiage  : 

L  (A,  {  I  -  A  })  -  Card  [  (A  ©  B)  A*^] 

Computation  of  L  (A,  {l  -  a}  )  Is  also  an  Information 
about  the  outside  perimeter  of  set  A.  The  building  of 
symbolic  graph  of  an  Image  Is  obtained  as  follows  : 
all  sets  are  the  nodes  and  measurements  of  L  provides 
the  lengthes  of  corresponding  ares. 

Frequently,  the  different  sets  are  the  objects  of 
dlfferents  classes  represented  In  an  Image.  Gene¬ 
rally,  It  Is  very  Interesting  to  see  a  graph  for  an 
Image  and  an  other  graph  corresponding  only  to  a  part 
of  this  Image.  Stimulating  Inferances  are  also 
possible  by  comparison  betwen  such  a  symbolic  graph 
with  the  corresponding  graph  provided  by  geographic 
Information  system  on  the  same  area. 

CONCLUSION 

This  synthesis  Is  only  an  Indication  about  that  It  Is 
possible  with  MM  In  remote  sensing  Imagery  proces¬ 
sing. 

Two  points  are  Importants  : 

-  morphological  approach  Is  a  complementary  method  In 
comparison  with  the  others  passlbllltles  In  digital 
processing. 

-  morphological  analysis  can  be  split  up  Into  elemen¬ 
tary  operators  which  have  possibilities  to  be  Impla- 
mented  In  very  high  speed  of  execution  time. 

Theese  two  facts  lead  to  see  that  large  developments 
are  concelvalble. 
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ABSTRACT 

An  algebraic  system  of  operators,  such  as  those  of  mathematical  morphol¬ 
ogy,  is  useful  for  remote  sensing  image  interpretation  because  compositions  of 
its  operators  can  be  formed  which,  when  acting  on  complex  shapes,  are  able 
to  decompose  them  into  their  meaningful  parts  and  separate  the  meaningful 
parts  from  their  extraneous  parts.  Such  a  system  of  operators  and  their 
compositions  permit  the  underlying  shapes  to  be  identified  and  reconstructed 
as  best  possible  from  their  distorted  noisy  forms.  As  well  they  permit  each 
shape  to  be  understood  in  terms  of  a  decomposition,  each  entity  of  the 
decomposition  being  some  suitably  simple  shape. 

Since  shape  is  a  prime  carrier  of  the  spectral  information  held  in  remote 
sensing  imagery,  there  should  be  little  surprise  about  the  importance  of 
mathematical  morphology.  Morphological  operations  can  simplify  image  data 
preserving  their  essential  shape  characteristics  and  eliminate  irrelcvancics.  As 
the  identification  and  decomposition  of  objects  and  surfaces,  correlate  directly 
with  shape,  it  is  only  natural  that  mathematical  morphology  has  an  essential 
structural  role  to  play  in  remote  sensing  image  interpretation  by  computers. 
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In  image  analysiii  problems  that  have  to  face  time  consuaints,  a  convolution  kernel 
is  needed.  The  size  of  the  kernel  Itas  to  be  as  small  as  possible  fur  meeting  the  time 
restriction  and  image  reconstruction  fidelity. 

Arithmetic  operations  are  computational  intensive  and  time  demanding. 
Moiphological  operators  provide  an  alternative  for  fiist  and  accurate  methods  to  treat 
images  locally.  Combinations  of  binary  operators  can  be  made  in  order  to  have  some 
global  features  of  the  image.  The  convolution  process  is  achieved  without  using 
addition  and  multiplication. 

Operations  like  linear  feature  extractions  and  structure  location  are  exectuted  by 
convolution  with  a  specific  stntcturing  element.  Some  of  the  feanires  of  aerial  images 
stich  as  roads,  airport  runways,  etc,  are  suitable  for  being  described  as  linear  features 
and  consequently  obtained  by  applying  morphological  transformations. 

Experiments  exectuted  in  real  time  on  aerial  images  on  an  image  processing 
computer  based  on  a  linear  tnesii  architecture  ore  presented 

The  results  are  highly  accurate  and  robust. 


INDEX  TERM  :  Binaiy  operations  on  aerial  images,  pictorial  algebra,  2-D,  3-D 
convolution,  linear  feature  extraction. 
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Data  from  the  TlliOS-N/NOAA  A-M  series  of  near-ix>lnr  orbitinK 
meteorological  satellites  is  received  and  distributed  operationally 
in  Canada  by  the  Atmospheric  Environment  Service  at  Doi-nsvieu 
(Toronto)  and  Edmonton.  Recent  upgrades  to  those  stations  raise  the 
possibility  of  improvements  in  the  use  of  quantitative  dal  a  from 
these  satellites  in  operational  and  research  applications.'  One 
operational  product  developed  to  prototype  stage  is  an 
automatically  produced  Sea  Surface  Temperature  Chart,  'lliis 
information  has  immetliato  applications  to  fislieries,  navigation  and 
military  operations.  The  technique*  of  obtaining  quantitative, 
georcforonced  polar  satellite  data  without  liuman  intervention  has 
much  wider  applications.  The  SST  chart  is  created  in  a  digital  or 
imagery  format  in  standard  map  projections.  Each  pixel  s’lilue 
represents  a  loest  estimate  of  tlie  sea  surface  temrierature  in  a  grid 
s<iuaro  over  a  peritd  of  time.  A  second  chart  illustrates  a 
confidence  level  for  the  estimate. To  produce  a  quantitative 
product,  the  data  must  be  calibrated  both  in  geophysical  and 
geographical  units.  Instrument  calibration  includes  the  full 
blaokbodj’  temperature-dependent  non-linearity  transmission.  The 
conversion  from  digital  covmt  value  to  equivalent  black  boflv 
temperature  at  the  top  of  the  atmosi^erc  includes  the  wavelength 
dependence  of  each  channel’s  sensor  response  and  of  tlie  surface 
emissivity.In  tlie  spatial  calibration,  Three  models  of  spacecraft 
position  versus  time  are  used.  A  simple  circular  model  is  used  to 
extract  a  buffer  of  data  that  covers  the*  area  of  interest.  The 
classical  Brouwer-Lyddano  model  is  used  to  update  the  ephemcris 
parameters  from  an  outside  source  to  a  new  epoch  time  within  tlie 
area  covered.  Tliese  parameters  are  used  to  define  on  osculating 
elliptical  orbit  for  the  actual  bending  of  the  image  into  a 
standard  map  projection.  Data  is  accumulated  in  grid  square.*;  over  a 
number  of  individual  passes  of -two  satellites.  Contamination  of 
surface  temperature  estimates  by  cloud  and  ice  is  avoided  using 
both  visible  and  infrared  cliannels.  Atmosplieric  effects  arc  removed 
through  the  use  of  a  dual  infrare<i  channel  combination.  For  waters 
off  the  eastern  coast,  combination  coefficients  determine*!  fi-om 
North  Atlantic  atmospheric  profiles  are  used.  Comparisons  of  the 
results  with  SST  cliarts  created  from  ship  and  buoy  data  will  bo 
given.  Tlie  trade-offs  between  spatial  and  teroiioial  resolution  and 
jiercentage  cloud  cover  will  be  discussed.  Precise  charts  of  surface 
temperature  can  be  produced  in  an  opijrationnl  setting. 
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ABSTRACT:  Advances  in  site-specific  monitoring  of  fish's  physiological 
responses  to  continuous 'Stream  flows  now  complement  surveillance 
programs  utilizing  remote  water  quality  data  collection  platforms. 
Developments  in  automated  biosensing  provide  methods  for  measuring 
in  situ  fish  breathing  rate  changes  to  stream  hydrographs  and  add  a 
real-time  biological  monitoring  dimension  to  remote  water  quality 
networks  incorporating  satellite  data  retrieval  communications. 

In  meeting  our  goal  of  developing  automated  biosensing  capabilities 
for  remote  monitoring,  a  series  of  field  trials  was  designed  to  test 
various  configurations  of  In  situ  fish-holding  chambers,  breathing  rate 
detectors,  and  system  interface  to  streamslde  water  quality  data  collect¬ 
ion  platforms  for  satellite  data  retrieval.  Results  were  used  to  design 
groups  of  automated  biosensing  devices  for  detecting  In  situ  rainbow 
trout  breathing  rate  responses  and  to  Implement  six  of  these  units  at 
each  of  two  data  collection,  platform-equipped,  water  quality  stations 
located  along  a  stream  subject  to  acid  precipitation  Influences  in  the 
Southern  Appalachian  Mountains.  Remote  stations  are  being  maintained 
for  near  real-time  data  needs  as  a  part  of  the  5-year  Acid  Precipitation 
Mitigation  Program  initiated  in  1985  by  the  U.  S.  Fish  and  Wildlife 
Service  under  the  National  Acid  Precipitation  Assessment  Program. 

Our  objective  is  to  evaluate  stream  ecological  responses  to  flow  regulated 
liming  for  a  two-year  treatment  period. 
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Rysumd 

La  gestion  des  stocks  de  saumon  atlantique  est  devenu  un  problfeme  important  et,  devant  le  besoin  d’agir,  la  protection  et  la  restauration  des  habitats 
en  riviire  est  primordiale.  La  m^thode  proposye  par  tyiy-interprytation  vise  I'inventaire  physique  des  habitats  et  la  quantification  du  potentiel 
salmonicole  des  nviytes  dans  le  but  de  rymtroduire  le  saumon  dans  ses  anciens  habitats.  Dans  cette  mythode,  on  utilise  des  photographies  ayriennes 
peu  coQteuses  au  1;  15  000  avec  un  minimum  de  relevds  au  sol..  On  divise  la  rivifere  en  biefs  dans  lesquels  on  dvalue  les  crityres  de  pente,  de 
gyomorphologie,  demorphomytrie  et  de  granulomy  trie.  On  s'attardede  fafon  plus  particuliyre  aux  fosses,  frayyreset  obstacles  4  la  montye  du  saumon. 
Par  la  suite,  les  diffyrents  habitats  sont  pondyrys  ct  on  leur  attribue  un  facteur  de  productivity.  Cette  mythode  est  fiable  4  plus  de  80  4  95%  selon  le 
type  de  vyiification  au  sol.  Unc  application  4  une  riviyredu  sud  du  Quybec  oh  le  saumon  a  dispatu  depuis  75  ans  4  cause  de  la  pollution  et  de  la  prysence 
de  barrages,  a  permis  d'estimer  la  productivity  d'un  seul  sous-bassin  de  1 030  km2  4  34  900  saumonaux,  en  plus  de  localiser  avec  prycision  les  sites 
de  bons  potentiels  et  d'identifter  les  secteurs  o4  les  activitys  de  restauration  seront  prioritairement  dirigyes.  (Grants:  NSERC,  The  Royal  Canadian 
Geographical  Society) 

Key  words 

Airphoto,  aquatic  habitat,  sediments,  geomorphology 


1.  Introduction 

Over  the  last  few  years,  the  protection  and  restoration  of  atlantic  salmon 
rivers  has  gained  increasing  interest.  This  concern  stems  from  the  need 
to  protect  the  atlantic  salmon  from  environmental  pressures  which 
increasingly  threaten  the  survival  of  the  species.  In  spite  of  its 
incredible  physical  strength,  the  atlantic  salmon  requires  specific  and 
stable  environmental  conditions  in  order  to  survive.  Accordingly, 
efforts  to  reintroduce  the  atlantic  salmon  in  a  specific  region  from 
which  it  has  disappeared  or  to  introduce  it  in  a  new  region  require 
gathering  information  on  the  state  of  the  habitats  available  for  salmon. 

A  method  of  inventory  was  developed  in  Quybec  during  the  course  of 
geomorphological  research  work  carried  out  on  the  north  shore  of 
St.Lawrence  River  (Dubois,  ClavetetDesmarais,  1975).  Since  1976, 
this  method  has  been  applied  to  both  small  and  large  nvers  in  different 
physiographic  regions  of  Quybec.  Gaspysie,  James  Bay,  the  Appala¬ 
chian  plateau  and  the  north  shore  of  St.Lawrence  River  (Dubois  et 
Clavet,  1977).  This  type  of  hydromorpliological  inventory  using 
remote  interpretation  has  turned  out  to  be  a  basic  tool  in  the  evaluation 

of  dicpuicliiiiilfut  (islipiudutUuniitiivcis.  IlpciiiiibluuuivCaSCriu 

quantitative  evaluauon  of  many  habitat  parameters  and  it  can  also  be 
used  for  the  basic  management  of  fish  inventories  by  providing  a 
stratified  sampling  giving  a  much  more  reliable  estimation  of  parr 
populations  (Caron  et  Ouellet,  1985).  However,  the  derived  map 
proposed  by  Dubois  and  Clavet  (1977 )  does  not  permit  the  quantitative 
evaluauon  of  smolt  production  capabilities  nor  to  establish  the  number 
of  spawners  needed  to  maintain  the  optimal  production  of  a  river  (Cotd 
etal.  1987). 


To  address  these  needs,  a  method  for  quantifying  the  potential  of  rivers 
for  salmon  production  inspired  by  the  work  of  Dubois  and  Clavet 
(1979)  was  developed  by  the  "Ministfere  des  loisirs,  de  la  chasse  et  de 
la  peche  du  Quybec  (MLCP)".  This  method  proposed  by  Boudreault 
(1984)  offers  a  more  detailed  description  of  rivers  as  it  provides  for  a 
simplified  map  compared  to  the  one  proposed  by  Dubois  and  Clavet 
(1977)  and  for  the  tabular  compilation  of  data.  It  is  however  limited  to 
characterization  of  the  river  bed  described  essentially  according  to  its 
channel  pattern  and  subsuate. 

However,  a  more  thorough  inventory  is  necessary  in  regions  where 
anthropogenic  influences  on  the  environment  are  more  significant.  In 
few  basins  where  industrial  and  agricultural  development  are  more 
important  causing  specific  concerns,  it  is  essential  to  adapt  and  improve 
the  present  techniques  of  inventory .  Intensive  development  has  a  direct 
influence  on  the  aquatic  environment  of  the  salmon,  which  reacts 
suongly  to  any  modification  of  his  habitat.  In  this  context,  in  addition 
to  the  estimation  of  salmon  production,  it  is  essential  to  acquire  a 
dcscnpuCu  and  to  locate  areas  presenting  li^ks  foi  the  lunUoductlun  uf 
the  salmon  and  those  offering  the  highest  potential  for  good  salmon 
habitats.  The  developmen'  of  a  method  of  inventory  applicable  to  this 
type  of  environment  is  of  primary  importance  and  constitutes  the  first 
step  in  the  reintroduction  of  the  atlantic  salmon  in  such  regions.  The 
main  objective  of  the  proposed  methodology  is  to  evaluate  several 
factors  (obtacles  to  fish  migration  ,  channel  patterns,  bed  grain-size, 
shoreline  land  use...)  which  are  fundamental  for  the  thorough  assess¬ 
ment  of  the  salmon  habitat. 
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Figure  1  -  Diagram  of  the  inventory  methodology 
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Table  1  -  Description  and  interpretation  characteristics  of  hydromorphological  features 


feature 

description 

interpretation  characteristics 

basin 

*  zone  of  deep  water  generally  located  at  the  base  of  an 
obstacle  and  corresponding  to  an  enlargement  of  the 
channel 

•  sedimentation  due  to  slow  currents 

•  easily  recognizable  due  to  its  position  at  the  base  of 
obstacles,  the  considerable  channel  widening  and  by 
the  impression  of  depth  associated  witli  the  dark  water 
colour 

•  this  feature  generally  corresponds  to  the  presence  of  a 
main  pool 

cascade 

•  nickpoints  of  river  bed  resembling  stair  steps  where 
bedrock  and  blocks  dominate  bed  grain-size 

*  obstacle  which  generally  can  be  negotiated  by  salmon 
except  under  certain  conditions 

•  alternation  of  white  and  grey  tones  that  shows  the 
succession  of  nickpoints  often  interposed  with  rocky 
basin 

channel 

*  ponion  where  water  depth,  generally  Im  or  more,  is 
constant 

*  the  current  is  moderate  to  slow  and  the  water  surface  is 
smooth 

*  bed  material  varies  from  sand  to  large  pebbles 

•  identifiable  by  the  dark  colour  produce  by  the  generally 
high  water  depth  and  by  ihe  smooth  water  surfaee 
resulting  from  the  slow  current 

fall 

•  segment  where  a  sudden  drop  occurs 

•  composed  of  bedrock  and  sometime  very  large  blocks 

•  may  or  may  not  be  bypassed  by  salmon 

•  sudden  dislevelment  of  rivcf  bed 

•  white  tinted  water  surface 

lake 

•  spot  where  no  lolhic  characicrisiic  arc  observed;  the 
current  is  slow  to  absent  and  the  water  depth  high 

*  Irkes,  even  the  smallest,  are  easily  identifiable  when 
fi.ey  intcnipt  the  course  of  rivers  and  where  a  ehange  of 
environment,  from  lolhic  to  Icnthic,  is  noticeable 

meander 

•  section  where  river  course  describes  many  loops 

•  river  bed  presents  alternation  of  riffles  and  pools 

•  bed  grain-size  varies  from  sand  to  small  pebbles 

•  easily  noticeable  by  its  looping  structure  and  alternation 
of  riffles  and  pools 

rapids 

♦  characterized  by  a  small  change  in  the  slope  of  the  river 
bed  where  the  current  is  fast  and  the  water  surface  broker 
by  a  large  outcrop  of  bedrock 

•  recognizable  coarse  texture  produced  due  to  water 
turbulence  on  coarse  substrates 

♦  white  and  grey  spots  on  the  water  surface  arc  also  a  clue 
in  identifying  that  feature 

nffle 

•  sector  of  low  depth  constituting  a  shoal,  a  sucession  of 
shoals  with  pools,  or  a  small  mcrcase  in  the  river  bed 
slope 

•  the  current  is  rather  fast 

•  the  bed  grain-size  generally  varies  from  gravel  to  small 
pebbles  with  occasionally  a  sandy  fraction 

•  segment  where  best  spawning  areas  are  found 

•  spawning  areas  arc  divided  into  two  categories; 

1- main  spawning  area;  major  bed  grain-size  varies  from 
gravel  to  small  pebbles  and  where  ihc  river  bed  shows 
depth  variations  along  the  whole  section 

2- sccondary  spawning  area;  more  uniform  river  bed 
configuration  and  the  water  depth  is  more  constant,  also 
the  grain-size  may  contain  a  sandy  or  a  coarse  material 
fraction 

•  noticeable  by  light  tones  that  often  indicate  Uic  presence 
of  shoals 

•  relatively  smooth  texture  produced  by  Uie  many  unoula- 
tions  affecting  water  surtax 

•  however  those  ripples  sometimes  create  a  glidder  effect 
almost  identical  to  the  case  of  liglil  reflected  from 
wavelets  produecd  by  the  wind  (this  problem  can  be 
avoided  by  observing  adjacent  airpholos  and  by 
considering  the  flow  up  and  downstream  of  the 
segment  studied) 

3.  Results 

The  development  of  the  method  of  inventory  is  the  result  of  a  study 
undertaken  on  the  "au  Saumon"  River  basin,  tributary  of  the  "Saint- 
Francois"  River.  The  "Sociitd  Saumon  Saint-Francois"  groL.t  is 
actively  working  to  reintroduce  the  atlantic  salmon  in  the  region.  The 
results  derived  from  this  study  have  led  to  the  overall  improvement  and 
effectiveness  of  the  method  of  inventory. 

The  "Saint-Franfois"  River  basin  is  located  in  the  southern  part  of 
Qudbec.  The  basin  represents  an  area  of  approximately  10  230  km2. 
The  present  project  deals  with  a  typical  sub-basin,  the  "au  Saumon" 
River  basin. 


The  longitudinal  profile  of  the  streams  in  the  "au  Saumon"  River  basin 
is  irregular,  mostly  smooth.  With  a  length  of  approximately  75  km  and 
an  average  slope  of  0,58%,  the  "au  Saumon"  River  is  quite  representa¬ 
tive  of  good  salmon  rivets.  A  longitudinal  profile  constitutes  a 
determining  factor  in  the  evaluation  of  the  salmon  potential.  The 
longitudinal  profile  of  a  typical  salmon  river  is,  according  to  Elson 
(1975),  between  0,2  and  1,15  %. 

3.1.  Salmon  habitat  inventory 

The  complete  inventory  of  the  "au  Saumon"  River  basin  has  permitted 
to  delineate  precise  areas  of  the  territory  where  priority  interventions 
should  be  concentrated  and  to  define  sites  with  high  potential  habitats 
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for  the  reproduction  and  the  development  of  salmon.  Figures  2  shows 
example  of  the  mapping  of  data  collected  during  the  survey  of  the  "au 
Saumon”  River  basin.  Furthermore,  it  was  possible  to  evaluate  the 
entire  basin  and  to  locate  potential  spawning  sites  and  various  areas 
where  river  bank  reforestation  should  be  given  priority .  This  type  of 
inventory  is  useful  to  people  in  the  field  working  for  the  reintroduction 
of  salmon  in  the  basin  who  need  to  direct  their  actions  more  efficiently 
in  the  context  of  managing  and  producing  of  salmon. 

2  Potential  for  salmon  production  of  the  "au  Saumon"  River  basin 

Data  collected  during  airphoto  interpretation  have  been  processed  in 
order  to  evaluate  the  potential  for  salmon  production  of  each  stream  of 
the  "au  Saumon"  River  basin  (Table  2). 


Table  2  - "  Au  Saumon"  River  basin  potential  for  salmon  production  (in 
smolts) 


Riverorstream  numberof  segments  salmon  production  (smolts) 


"au  Saumon"  River 

97 

18  389 

Ditton  River 

38 

2  123 

Chesham  River 

29 

1042 

"la  Loutre"  Stream 

7 

1  143 

Mining  Stream 

7 

171 

Bown  Stream 

14 

1030 

Moffat  Stream 

11 

9911 

Albion  River 

7 

1  091 

salmon  production  potential;  34  900  smolts 


3.3.  Discussion 

The  results  of  the  inventory  giving  34  9(X)  smolts  as  the  potential  for 
salmon  production  of  the  "au  Saumon"  River  watershed  (1  030  km2) 
are  interesting  in  that  they  represent  a  relatively  high  potential  com¬ 
pared  to  other  basins  in  Quebec.  The  Jacques-Canier  River  near 
Quebec  City,  with  an  area  of  2  515  kni2,  has  recently  been  restored  for 
the  reintfoduction  of  the  salmon  and  has  a  potential  for  salmon 
production  estimated  at  58  000  smolts  (GTRJC,  1979). 

There  is  a  certain  margin  of  error  to  be  reckoned  with,  given  the 
difficulty  of  interpreting  several  physical  factors  describing  the  salmon 
habitat.  However,  comparison  between  field  data  and  the  results 
obtained  by  aerial  photograph  interpretation  indicate  that  the  degree  of 
confidence  attributable  to  the  method  of  inventory  is  over  80%. 

Furthermore,  areas  measured  using  data  relating  to  the  length  and  width 
of  each  segment  of  the  river  introduce  a  certain  margin  of  error  leading 
to  area  over-estimation  when  these  are  estimated  at  any  other  time  than 
at  low  water  level.  However  this  over-estimation  is  partially  compen¬ 
sated  by  the  under-estimation  resulting  from  the  use  of  the  average 
scale  of  the  aerial  photographs  during  the  compulation  of  segment 
areas.  Moreover,  when  faced  with  uncertainty  during  the  airphoto 
interpretation  of  the  hydromorphological  factors,  the  choice  was  al¬ 
ways  directed  towards  the  parameters  resulting  in  under-estimation  in 
order  to  obtain  more  reliable  final  results. 


4.  Conclusion 

The  methodology  developed  during  this  study,  based  on  airphoto 
interpretation,  permits  the  inventory  of  the  physical  factors  giving  a 
description  of  the  habitat  of  the  atlantic  salmon  for  a  given  river. 
Furthermore,  the  meihod  facilitates  the  planning  and  management  of 
the  salmon  resource  and  its  environment.  The  method  of  inventory 
cannot  describe  biophysical  factors  (such  as  interactions  between 
competing  species  or  physico-chemical  parameters),  but  it  does  permit 
the  location  of  sites  offering  potential  for  salmon  production  where 
further  study  is  warranted.  The  method  of  inventory  represents  a  first 
step  ill  the  framework  of  a  more  elaborate  biophysical  survey  of  a 
watershed.  Finally  the  method  allows  one  to  better  identify  and 
characterize  sites  where  environmental  management  initiatives  should 
be  carried  out  in  order  to  preserve  and  protect  salmon  habitats. 
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Figure  2  -  Map  of  various  data  collected  on  the  "au  Saumon"  River 


TIC  INFORmiCN  CONTENT  OF  AVHRR.  MSS,  TM  AND  SPOT  DATA  IN  TIE  SKAGERRAK  SEA. 


Kai  Sbrensen'  .  Tcwv  Lindell^  and  Jakob  Nisell^  . 


'Norwegian  Institute  for  Hater  Research. 

Blindern,  H-0313  Oslo.  Norway. 

'Centre  for  Image  Analysis.  University  of  Uppsala. 
Glunten.  S-75183  Uppsala.  Sweden. 


Abstract 

A  investigation  has  been  performed  in  the  Skagerrak  sea 
in  May  1988  for  evaluation  of  the  possibilities  of 
tracing  different  water  masses  containing  algae  and 
suspended  sediment.  The  study  has  been  performed  during 
a  bloom  of  the  algae  Chrysoeromulina  Polylepis  and 
during  heavy  fresh  water  input  from  ttii  river  Glomma 
into  the  archipelago  in  the  northern  Skagerrak. 

A  geometric  linking  of  AVHRR.  MSS.  TH  and  SPOT  data  was 
performed  on  May  13  in  order  analyse  the  information 
content  of  the  different  sensors.  Data  were  also 
analysed  to  define  the  applicability  of  various  sensors 
with  different  geometric  scales.  The  AVHRR  thermal 
data  where  used  for  identification  of  the  water  masses 
where  the  algae  resided  while  the  MSS.  TM  and  SPOT  data 
were  used  to  define  frontal  zones  in  detail  and  to 
monitor  the  distribution  of  suspended  sediments  within 
the  archipelagos.  The  image  evaluations  were  based  on 
within  satellite  calibration  references  and  field 
observations.  The  advantages  of  the  combination  of  high 
and  low  resolution  data  is  also  investigated. 

It  was  observed  that  in  the  Skagerrak  MSS  and  TM  were 
both  sufficiently  good  for  Identifying  the  different 
water  masses.  For  describing  distribution  of  suspended 
sediments  within  the  archipelago  the  MSS.  TM  and  HRV 
were  similar.  For  the  open  sea  the  AVHRR  thermal  data 
gave  sufficient  thermal  information,  but  as  soon  as  one 
approaches  the  coastline  or  within  the  archipelagos  the 
TM  becomes  superior.  The  reflective  bands  of  AVHRR  gave 
little  information  of  the  algae,  partly  because  of  sun 
glint,  but  a  rather  detailed  knowledge  of  the  Glomma 
water  distribution.  Oifferrent  ratioing  techniques 
showed  the  best  discriminating  possibilities  and  were 
used  for  the  classification  of  the  different  water 
masses. 

Keywords: Skagerrak.  Sensor  linking.  NOAA.  Landsat.  SPOT 

Introduction 

The  present  investigation  have  been  executed  within  an 
ungoiiig  pfuject  for  calibraticri  and  evaluation  of 
different  types  of  raultispectral  satellite  data  for 
operational  use  in  water  quality  monitoring. 

A  special  study  has  been  performed  within  a  situation 
with  heavy  freshwater  input  and  a  algal  bloom  of 
Chrysoeromulina  polylepis  in  the  Skagerrak  Sea  which 
caused  severe  ecological  consequences.  During  the  last 
decades  algal  blooms  occurres  more  frequently  in  this 
area  and  they  often  follow  the  Norwegian  Coastal 
Current.  This  was  also  the  case  during  May  1988  and  a 


close  correlation  between  the  advancing  watermass 
defined  by  the  temperature  and  the  massive  algal  bloom 
was  observed.  Thus  it  was  possible  to  use  thermal  IR 
images  to  monitor  the  movements  of  the 
algae. (Johannessen  et  al..  1988).  On  May  13  the  north¬ 
east  winds  in  the  northern  Skagerrak.  the  large  amount 
of  freshwater  and  a  weak  outflow  from  the  Oslofjord 
diminished  the  algal  invasion  in  the  surface  waters  of 
this  area. 

Monitoring  of  temperature,  algal  bloom  and  suspended 
sediments  is  probably  the  most  Important  task  within 
Aquatic  Remote  Sensing  and  it  is  therefore  important  to 
increase  the  knowledge  of  the  limitations,  usefulness 
and  information  content  of  different  sensors. 

Material  and  methods 

The  linking  of  the  different  data  sets  have  been 
performed  on  scenes  collected  on  May  13.  The  data  used 
in  the  study  are  NOAA  AVHRR  from  morning  (0854  GMT)  and 
afternoon  (1336  GMT),  the  Landsat  scenes  from  0958 
(GMT)  and  SPOT  data  from  1046  (GMT).  AVHRR.  MSS  and  TH 
covers  the  Oslofjord  and  Skagerrak  and  the  SPOT  scenes 
only  the  archipelagos  in  the  northern  part  of  Skagerrak 
(Oslofjord),  The  AVHRR,  MSS  and  SPOT  data  have  been 
geometrically  rectified  to  TM  with  a  pixel  size  of  240 
m,  but  the  full  information  content  of  the  different 
sensors  have  been  used  in  the  evaluation.  The  image 
processing  has  been  made  on  a  PC-based  EBBA-GIS  system, 
produced  by  the  Swedish  Space  Cooperation, 

Ground  truth  oata  have  been  collected  in  the  Hvaler 
archipelago,  but  unfortunately  no  in  situ  data  were 
available  from  the  heavy  algal  area  on  Hay  13.  The 
presence  of  the  algae  is  conlirmed  by  reports  of  toxic 
and  lethal  effects  on  fish  and  by  data  from 
measurements  along  the  Norwegian  coast  collected  a  few 
days  earlier. 

Figure  1  shows  the  investigation  area  with  the 
different  test  sites  where  the  information  content  of 
the  data  have  been  analysed.  On  site  A  and  8  thermal 
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have  been  used  for  multispectral  identification  of 
algae  and  suspended  sediments. 

Results 

The  temperature  distribution  in  the  Skagerrak  on  the 
May  13.  at  0854  GMT  is  shown  in  Figure  1.  In  the 
central  Skagerrak  a  jet  of  warm  water  (,10  deg.C)  is 
progressing  from  the  Swedish  coast.  The  cold  water  mass 
has  a  temperature  of  6-7  deg.C.  (dark  areas). The  warm 
water  mass  is  most  likely  connected  to  the  area  along 
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Figure  1. 

Location  of  the  area  of  investigation  with 
four  specified  test  sites.  Hap  showes 
temperature  of  May  13  from  AVHRR  channel  4. 
Dark  colours  6-7  and  light  colours  11-12 
deg.C.  Test  site  A:  Central  Skagerrak.  Site 
B:  The  Brelangen  area.  Site  C:  At  the 
Norwegian  coast.  Site  D:  The  Hvaler 
archipelago. 


the  Swedish  coast  where  the  first  toxic  effects  of  the 
algae  were  reported.  The  characteristic  fresh  water 
plumes  from  the  Glomma  and  Orammen  rivers  are  seen  in 
the  temperature  image  (9-10  deg.  C.l. 

Thermal  information 

At  site  A  in  the  central  parts  of  Skagerrak  ,  a 
comparison  between  AVHRR  and  TM  has  been  made  according 
to  Figure  2.  The  AVHRR  can  easly  Identify  the  water 
masses  but  the  TH  gives  a  better  information  of  the 
frontal  zones  and  therefore  a  better  understanding  of 
the  transport  mechanisms.  The  TH,  however  have  some 
sensor  striping  disturbing  the  information. The  Images 
describe  the  warm  frontal  advection  across  the 
Skagerrak  towards  tO’  the  Norwegian  coast. 

In  Breiangen  (Site  B)  comparisons  have  been  made 
between  AVHRR  and  TM  to  study  the  resolution 
differences.  Thd  TM  shows  in  detail  a  vortex  which  can 
not  be  clearly  identified  in  the  AVHRR.  This  small 
vortex  of  fresh  water  from  the  Drammens  River  in 
Brelangen  is  however  clearly  seen  in  the  TH  image.  In 
spite  of  the  geometric  limitations,  the  AVHRR-image 
■?ivcs  good  1  'formation  of  the  main  distribution  of  the 
fresh  wat..  The  zone  of  the  mixed  pixels  influenced 
by  land  is  appr.  imatly  2  km.  The  geometric  error  in 
resampling  the  AVHRR  to  TH  is  in  the  oraer  of  1  pixel. 
Because  of  the  limited  resolution  in  the  AVHRR  images, 
waterbodys  close  to  the  coast  are  difficult  to 
interpret. 

Optical  InformatiOfi 

Efforts  to  Identify  the  different  water  masses  within 
the  optical  wavelengths  in  the  Skagerrak  have  been 
performed  for  AVHRR,  MSS  and  TH.  The  "POT  scenes  do  not 
cover  the  outher  part  of  the  Skagerrak  area.  Test  site 
C  is  from  the  the  Norwegian  coast  where  toxic  effects 
on  fish  was  reported  on  May  13  (Aksnes  et  al.,  1989). 
The  area  where  the  algae  was  reported  could  be 
identified  in  the  MSS  and  TM.  The  secchidepth  in  the 


watermasses  with  this  algae  were  4-6  meters  (Einar 
Oahl,  pers.comm.).  The  images  of  AVHRR  contain  very 
little  information  of  the  algae  in  these  parts  of  the 
scenes  due  to  sunglint  both  in  morning  and  afternoon 
image.  For  these  sensors,  ratioing  and  differrence 
images  do  not  show  any  significant  signatures.  In  all 
reflective  MSS  and  TM  channels  the  radiance  were  low  in 
the  coastal  waters  at  both  sides  compared  to  central 
Skagerrak.  Simple  ratioing  techniques  and  chromatieity 
transformation  (Lindell  etal.  1986)  is  showing  the 
best  discriminating  possibilitis.  Figure  4  show  ratio 
images  for  MSS  and  TM  at  the  Norwegian  coast. 

The  identification  of  the  water  masses  within  the 
archipelago  (site  0),  as  shown  in  figure  5,  was  tried 
for  all  sensors.  AVHRR,  MSS,  TH  and  HRV  all  showed  the 
main  freshwater  plume  outside  the  archipelago, 
indicating  the  westerly  tendency  of  the  water  movement 
due  to  the  conolis  force  and  the  general  circulation 
pattern.  The  loading  of  suspended  sediments  from  the 
Glomma  River  at  May  13  was  in  the  range  of  10-  20  mg/1. 
The  differentiation  of  the  small  scale  distribution  of 
the  fresh  water  is,  however,  much  better  described  by 
the  high  resolution  sensors.  The  radiometric  resolution 
is  however  not  critical  in  the  definition  of  the  plume 
in  the  inner  archipelago.  Here  the  geometric  resolution 
is  more  important.  The  SPOT  HkV  sensor  seems  to  give 
more  dynamic  information  than  MSS  and  TH. 

Conclusions 

AVHRR  and  TM  data  in  open  areas  give  similar 
Informalioii  of  large  scale  distribution  of  wauer 
masses.  However  frontal  zones  and  thus  dynamic  features 
are  considerably  more  distinct  in  the  Tl.  data.  This  is 
to  some  extent  compensated  by  the  frequent  passages  of 
the  AVHRR.  In  the  archipelago  and  near-shore  areas 
there  are  naturally  many  advantages  due  to  the  better 
spatial  resolution  of  the  earth  resources  satellite 
than  the  weather  satellite.  A  combination  of  the 
sensors  is  therefore  recommended  in  many  cases. 
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Figure  2. 

A  comparisons  between  AVHRR 
(left)  and  TH  (right)  thermal 
image  of  central  Skagerrak 
(site  A).  Images  are  resampled 
to  240  m  pixels.  May  13  at 
0854  (AVHRR)  and  0956  (TH) 
GMT.  The  images  showes 
relative  temperatures  v/ith 
warm  water  as  light  colours. 


Figure  3. 

AVHRR  thermal  images  (left) 
and  TH6  (right)  of  the 
Breiangen  area  (site  B) 
indicating  the  difference  in 
the  geometric  resolution  o!  TM 
and  Its  superiority  in 
identifying  small  scale 
phenomena.  The  images  showes 
relative  temperature  with  warm 
as  light  colours. 


Figure  'I. 

Ratio  images  of  MSS  (loft)  and 
TH  (right)  on  Hay  13,  showing 
the  supposed  areas  (site  C)  of 

Chrysocromulina _ Polylepis 

(light  colours).  MSS  image  is 
the  ratio  of  channel  1/3  and 
the  TH  image  is  channel  2/4. 


the  definitioa  uf  wdlei  musses  auu  wutei  movement. 
Sometimes  the  combination  of  optical  and  thermal 
wavelength  is  essential,  but  generalization  of  the  use 
of  TM  vs.  AVHRR  in  combination  with  MSS,  can  not  be 
made  due  to  the  geometric  differences.  The  similarities 
in  MSS,  TH  and  HRV  in  describing  water  quality  is 
important  when  cal .urations  between  different  sensors 
are  drsT-ed.  This  is  important  for  monitoring,  when  a 
large  number  of  avail ibie  scenes  is  necessary. 
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Figure  5. 

Comparisons  between  different  sensors  within  the 
archipelagos  (site  0).  The  AVHRR  (upper  left)  is  a 
difference  image  of  channel  1  minus  channel  2.  MSS  ( 
upper  right),  TH  (lower  left)  and  HRV  (lower  right)  are 
chromaticity  transformed  images.  MSS  image  l/(l+2+3), 
TM  image  2/(2+3+4)  and  HRV  image  l/(l+2+3).  Light 
colours  are  high  in  suspended  sediments. 
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ABSTRACT 

We  present  results  of  an  experiment  to  determine  the 
utility  of  thermal  remote  sensing  for  detection  and  enumeration 
of  walrus  (Odobenus  rosmarus).  Concurrent  aerial 
photography  and  emitted  thermal  inB-ared  (10.6  pm)  imagery 
were  acquired  over  walrus  hauled-out  on  pans  of  sea  ice  in 
Foxe  Basin,  NWT,  Canada.  Digitizing  the  thermal  imagery 
provides  a  method  for  obtaining  an  objective  measure  of  walrus 
abundance.  The  thermal  imagery  consist  of  blobs  of  higher 
digital  brightness  on  a  relatively  homogeneous  background 
(ocean  water  and  sea  ice).  The  relationship  between  altitude, 
maximum  and  mean  pbtel  brightness  and  pixel  frequency 
within  a  particular  blob,  is  compared  with  photographic  ground 
confirmation.  Results  clearly  indicate  that  thermal  remote 
sensing  can  provide  a  cost  effective  method  for  obtaining  a 
stratification  variable  and  the  relationship  between  the  number 
of  animals  and  the  thermal  signature  can  provide  a  population 
estimate. 

Keywords:  Walrus,  Thermal  remote  sensing.  Population 
surveys,  Macintosh  II. 


1.  INTRODUCTION 

Walrus  are  a  resource  facing  pressure  from  an 
increasingly  large  native  population,  whose  expectations  for 
development  rely  heavily  on  wildlife .  Population  assessment 
of  walrus  stocks  is  complicated  by  the  gregarious  nature  of 
these  animals.  Walrus  concentrations  are  typically  large  and 
sparsely  distributed  with  rocky  shore  lines  and  ice  pans  being 
the  preferred  haul-out  habitat 

Aerial  censusing  is  the  most  appropriate  method  for 
obtaining  population  estimates.  Visual  surveys  are  hampered 
by  the  fatigue  and  boredom  of  surveying  large  expanses  of  ice 
and  water  almost  devoid  of  walrus  and,  when  groups  are 
encountered,  by  the  difficulty  of  counting  large  numbers  of 
walrus  in  tight  clumps.  In  addition,  when  surveying  land 
haulouts,  accurate  counting  is  hampered  by  a  poor  object- 
background  ratio.  Photographic  surveys  can  minimize  these 
problems  but  they  are  only  practical  and  affwdable  if  san^ling 
schennes  can  be  implemented  to  reduce  survey  costs.  In  most 
cases,  the  problems  described  above  lead  to  imprecise  or  very 
costly  walrus  population  surveys. 

We  address  two  questions,  directly  related  to  these  sampling 
problems. 


Can  high  altitude  thermal  surveys  provide  sufficient 
resolution  to  detect  walrus  concentrations? 

Can  high  altitude  thermal  surveys  provide  a  quantitative 
index  of  walrus  abundance? 
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Figure  2.  Three  dimensional  surface  of  object  (walrus)  and  background  (ocean 
and  ice)  thermal  emissions  (from  inset  of  Fig  1 ). 


2.  METHODS 

On  21  August  1988,  we  obtained  airborne  thermal  and 
photographic  images  of  walrus,  hauled-out  on  ice  in  Foxe 
Basin,  NWT,  using  the  Department  of  Fisheries  and  Oceans 
Remote  Sensing  System  (Yaremchuk  and  Barber  1985). 
Thermal  imagery  was  collected  with  a  Forward  Looking 
Infrared  (FLIR)  thermal  imager  (peak  wavelength  =10.6  iim). 
The  FLIR  provides  real-time  display  on  a  video  monitor  and 
signal  recording  on  a  Super-VHS  video  cassette  recorder 
(VCR).  The  FLIR  is  housed  in  a  specially  designed  nose  cone 
of  a  DeHa\dlland  Twin  Otter,  and  can  be  adjusted  at  angles  of 
10°  to  90®  (down)  from  the  flight  plane.  Photography  was 
obtained  using  a  large  format  mapping  camera  with  Kodak 
Aerocolor  negative  (2445)  film. 

During  the  experimental  flight,  the  FLIR  was  adjusted 
at  a  20®  depression  angle.  This  viewing  angle  results  in  a 
keystone  shaped  image  of  the  ocean  surface.  At  the  center  of 
the  keystone  (principal  point)  the  swath  width  (perpendicular  to 
flight  direction),  ranges  fipom  1.8  km  at  610  m  (2000  ft)  to  8.9 
km  at  3048  m  (10,000  ft)  altitude.  We  use  the  term  range  to 
denote  distance  from  sensor  to  principal  point  of  the  oblique 
image  and  altimde  for  flying  height  of  the  aircraft. 

Several  repeat  passes  were  flown  over  walrus,  starting 
at  an  altimde  of  610  m  (2000  ft)  and  in  increments  of  305  m 
(1000  ft)  up  to  3048  m  (10,000  ft).  Low  altimde  photographs 
were  taken  during  the  610  m  (2000  ft)  pass,  to  obtain  an 
accurate  count  of  each  group  imaged  (ground  confirmation). 
FUR  Super-VHS  video  records  were  digitized  on  a  Macintosh 
II  ^  (Mac  ID  using  a  DT2255  QuickCapmre^  video  board. 
The  board  captures  a  640  by  480  pixel  frame  at  an  8  bit 
dynamic  range  and  1:1  pbcel  aspect  ratio  (i.e.,  square  pixels). 


The  digitized  imagery  was  interpreted  using  Mac  II 
image  analysis  software  (Barber  et  al.  1989).  Walrus  thermal 
emissions  appear  as  bright  blobs  on  a  relatively  homogeneous 
background  (Fig.  1).  By  examining  digital  brighmess  values 
(Bv)  in  a  three  dimensional  plot  (Fig.  2)  of  blobs  and 
surrounding  background  (inset  from  Fig.  1),  is  was  possible  to 
isolate  the  walrus  emissions  (BvS30)  from  the  background 
(Bv<30).  This  threshold  was  consistent  over  all  altitudes  and 
abundances  of  walrus  imaged.  Statistics  from  each  blob  (pixel 
count,  mean  Bv  (mean),  maximum  Bv  (max)  and  Bv 
standard  deviation  (SD))  were  compared  to  photographic 
counts  of  walrus  in  each  blob. 


Figure  1 .  Thermal  image  of  3  walrus  groups 
on  a  single  ice  pan  ( 1 524m  altitude; 
3524m  range). 

f  Macintosh  It  is  a  trademark  of  Apple  Computer. 

^QuickCapture  is  a  trademark  of  Data  Translation  Inc. 
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Figure  3.  Reladomhip  between  altitude,  pixel  frequency  and  mean 
brightness  (Bv)  above  30. 


3.  RESULTS  AND  DISCUSSION 

Can  a  high  altitude  thermal  survey  provide  sufficient 
resolution  to  detect  walrus  concentrations? 

Aerial  passes  were  conducted  between  610  m  (2,000  ft) 
and  3048  ra  (10,000  ft)  altitude  over  three  groups  of  walrus  on 
a  single  ice  pan  (Fig.  1).  It  was  possible  to  discriminate  three 
distinct  biobs  up  to  1524  m  (5000  ft)  and  a  single  blob 
thereafter  up  to  3048  m  (10, (XX)  ft)  altitude.  Descriptive 
statistics  from  the  blobs  show  a  linear  trend  between  the 
number  of  pixeis  and  mean  brightness  with  aititude  (Fig.  3). 
Similar  but  less  distinct  trends  were  also  observed  for 
maximum  brighmess  and  standard  deviation  (SD). 

The  smallest  group  imaged  (9  wairus)  was  detectable  up 
to  an  altitude  of  1219  m  (400Q  ft).  The  group  was  not 
identified  visually  (on  the  analog  recording)  but  could  be 
distinguished  on  the  digital  data  (objectibackground  =  33:28 
Bv).  Given  the  same  aunospheric  conditions,  we  can  expect  to 
detect  a  minimum  group  size  of  9  at  a  maximum  range  of  3564 
m  (2.2  mi)  and  a  minimum  group  size  of  approximately  30,  at 
an  8911  m  (5.5  mi)  range. 

Can  high  altitude  thermal  surveys  provide  a  quantitative  index 
of  the  number  of  animals  imaged? 

We  compared  biob  statistics  from  a  scries  of  pusses 
over  several  groups  of  walrus  hauled-out  on  different  pans  of 
ice.  Although  we  have  a  very  small  sample,  our  results  suggest 
that  within  group  blob  statistics  (i.e.,  thermal  image  of  a 
constant  number  of  walrus)  are  less  variable  at  higher  altitudes. 
This  result  is  reasonable,  since  at  high  resolution  the  FLIR  will 


record  individual  concentrations  of  walrus  and  patches  of  ice 
between  walrus.  At  jow  resolution  the  sensor  integrates  over 
the  total  radiation  emitted  from  the  ice  pan,  thereby  decreasing 
variability. 

Data  from  a  pass  at  1219  m  (4000  ft)  altimde,  provided 
the  largest  sample  (13  observations)  with  walrus  group  sizes 
ranging  from  9  to  117.  Although  these  data  display  higher 
within  group  variability  than  blob  statistics  at  higher  altitudes, 
this  is  the  only  altitude  with  a  sufficiently  large  sample  to 
develop  a  multiple  regression  model.  Analysis  suggests  that  a 
linear  regression  of  thermal  blob  statistics  (mean  ,  max,  SD, 
and  pixel  firequency)  can  be  used  to  estimate  walrus  abundance. 
Inspection  of  residuais  showed  no  departure  from  assumptions 
of  the  iinear  multiple  regression  model  (Neter  and  Wasserman 
1979).  The  model  [1]  is  significant  at  the  9596  level.  The 
coefficient  of  multiple  correlation  is  0.874  at  12  degrees  of 
freedom.  An  analysis  of  variance  on  the  regression  parameters 
(Table  1)  shows  that  a  significant  relationship  exists  between 
walrus  counts  and  the  blob  statistics  (F  [.05,  4,  8];  P  = 
0.0125). 

4.  CONCLUSIONS 

Our  results  suggest  that  the  relationship  between 
thermal  blob  statistics  and  walrus  concentration  can  be  used  to 
obtain  a  quantitative  estimate  of  abundance.  Specifically,  our 
analysis  shows  that  thermal  imagery  can  be  used  to: 

•  detect  walrus  hauled-out  on  sea  ice  at  a  scale 
sufficiently  coarse  to  allow  complete  coverage 
of  a  large  survey  area  in  a  single  flight 
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Table  1.  Analysis  of  Variance  for  re^ssion  of  walrus  number 
and  bl(^  statistics. 


Variation 

DF: 

Sum  of  Squares: 

Mean  Squares: 

F  statistic: 

Regression 

4 

12356.196 

3089.049 

6.496 

Error 

8 

3804.112 

475.514 

Total 

12 

16160.308 

Y,  =  14.97  + 6.718X,  + 1.909X2-3.107X3 +7.(»1X^ 


Where:  Y:  walius  count 
XI:  mean  Bv 
X2:SD 
X3:  pixel  freq. 
X4  max.  Bv 


•  obtain  a  walrus  abundance  estimate  from  this 
complete  coverage  survey. 

The  multiple  regression  model  provides  us  with  a 
means  of  obtaining  a  walrus  abundance  estimate  from  blob 
statistics.  Because  of  the  number  of  independent  variables,  we 
are  cautious  in  our  interpretation  of  the  coefficient  of  multiple 
correlation,  lye  consider  the  results  promising,  but 
preliminary.  Knowledge  gained  from  this  experiment  will  be 
used  to  design  surveys  that  specifically  address  the  problem  of 
calibrating  the  thermal  imagery.  Precision  estimates,  for 
predicted  walrus  abundance,  will  be  obtained  from  coefficients 
of  the  resulting  multiple  regression  model. 

Our  ability  to  detect  walrus  at  a  range  of  S.S  miles  is 
encouraging  from  the  viewpoint  of  walrus  censusing  and 
habitat  related  research.  Because  the  FLIR  imagery  is 
inexpensive  (compared  with  digital  thermal  sensors)  our 
approach  represents  an  exciting  new  application  for  quantitative 
thermal  remote  sensing  in  resource  inanagement 
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ABSTRACT 

Starting  In  1986  satellite  sea  surface  temperature  (SST)  Imagery,  obtained  by  AVHRR  radiometer  of  NOAA  satellites 
Is  being  used  to  determine  areas  of  probable  fishing  for  the  albacore  (Thunnus  alalunga).  This  tuna  Is  fished 
by  artisanal  fishermen  from  Chile's  Central  Zone. 

In  order  to  make  such  determinations  several  factors  such  as  SST,  upwelling  frequency  and  duration,  upwelling 
strength  and  chlorophyll  A,  are  taken  Into  account.  Information  on  the  first  two  Is  obtained  from  satellite 
Imagery;  upwelling  Intensity  Is  estimated  from  wind  strength  data,  and  chlorophyll  A  from  samples  taken  on 
the  site. 


The  Centro  de*  Estudlos  Espaclales  (CEE)  provides  SST  data  which  Is  processed  In  a  low  cost  system  and  then 
sent  to  Universidad  Catdlica  de  Valparaiso  (UCV)  through  a  MODEM  connected  to  an  IBM  PC/AT  computer.  A 
probabilistic  model  Is  used  to  Integrate  all  data  and  determine  how  high  Is  the  probability  of  catching  an 
albacore.  This  result  Is  then  Indicated  on  the  sea  surface  temperature  satellite  Image. 

The  process  generates  a  probable  fishing  area  chart  which  Is  distributed  Jo  the  fishermen  for  their  use  to 
select  a  fishing  zone.  In  return  they  provide  UCV  with  environmental  and  catch  Information. 


KEY  WORDS:  Satellite,  fisheries,  albacore,  Chilean  cost. 


INTRODUCTION 

Small-scale  fishing  of  albacore  exists  In  the 
zone  of  Valparaiso,  Chile  (32°  to  34°  S  Lt.). 
The  production  Is  mainly  foi;  Internal  consumption. 
Level  of  landings  Is  highly  variable  due  to  several 
factors  such  as  environmental  changes  that  affect 
the  resource  ,d1str1but1on  and  the  changing  price 
In  the  Internal  market.  This  fishery  Is  Important 
since  there  are  several  small  fishermen  villages 
that  live  from  albacore  capture,  besides.  Its 
development  will  grow  If  the  market  price  Increases. 

One  of  the  factors  that  affects  and  determines 
the  distribution  of  the  albacore  Is  the  Sea  Surface 
Temperature  (SST).  Several  Investigators  have 
worked  In  the  use  of  thermal  charts  of  the  sea, 
obtained  with  satellites,  since  the  late  70's 
for  tuna  fishing,  achieving  good  results  In 
determination  of  resource  distribution  (CITEAU 
et  al.  (1981)  and  LAURS  et  a1.  (1985)). 

NOAA  AVHRR  satellite  data  usage  was  Introduced 
for  albacore  fishery  In  Chile  In  1986  as  a  mean 
to  help  In  determining  probable  fishing  zones. 
This  work  Is  a  joint  effort  carried  by  the 
Universidad  Catdlica  de  Valparaiso  (UCV). 


The  Centro  de  Estudlos  Espaclales  (CEE),  and 
the  artisanal  fishermen  of  Quintay  and  Valparaiso. 

The  CEE  has  developed  a  system  that  allows  quick 
and  easy  NOAA-AVHRR  data  reduction  and  distribution. 
The  ground  station  Is  located  In  Peldehue,  an 
area  located  40  Km.  north  of  Santiago,  Chile. 

The  Information  collected  by  NOAA  satellites 
Is  received  and  processed  dally  at  the  ground 
station  and  sent  to  Universidad  Catdlica  de 
Valparaiso  (UCV)  via  mCDEM.  There,  It  Is  merged 
with  the  rest  of  the  Information  to  produce  the 
probability  chart.  In  time,  for  the  departing 
fishing  boats. 

Results  achieved  are  satisfactory.  It  was 
established  that  albacore  Is  captured  In  the 
outer  boundary  of  thermal  fronts  that  are  formed 
as  part  of  the  upwelling  process.  High  catch 
rate  was  attained  when  fishing  at  those  locations, 
specially  when  fronts  were  stable  for  several 
days  and  the  water  was  high  In  chlorophyll 
concentration  wlht  predominance  of  diatoms  (BARBIERI 
et  al,  1987).  This  results  are  similar  to  the 
findings  of  SVEJKOYSKY  &  LASKER  (1985)  In  the 
California  coast. 
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Estimation  of  probable  fishing  zones  In  this 
work  Is  done  using  the  decision  tree  to  combine 
some  of  the  environmental  variables  associated 
with  albacore  distribution. 

MATERIALS  AND  METHODS 

Environmental  Data;  two  types  of  Information 
are  used:  oceanographic  and  meteorologic.  Sample 
collection  trips  are  carried  on  board  of  albacore 
fishing  boats.  Samples  are  taken  at  different 
levels,  surface  and  deep  waters,  analysis  Is 
performed  to  establish  oxygen  contents,  salinity, 
chlorophyll  A,  water  color  and  temperature. 

Temperature  of  the  surface  samples  Is  used  for 

calibration  of  satellite  data.  Meteorological 
data  Is  obtained  from  the  station  at  Punta  Angeles 
lighthouse  (Lat.  SS^Ol’S  and  Long.  W) 

collected  by  the  Meteorological  Center  of  Vlha 
del  Mar  of  the  Chilean  Navy. 

Biological  and  Fishing  Data:  It  Is  collected 
at  -the  landing  points.  Size  and  weight  of  the 
captured  albacore  Is  recorded  In  addition  to 

the  fishing  effort  carried  In  the  operation  as 
well  as  any  other  data  from  the  fishing  area. 

Since  the  beginning  of  this  project  is  1986, 
biological  and  fishing  data  were  collected  by 
UCV  personnel,  starting  In  1989,  fishermen  have 
been  trained  to  gather  the  data  and  fill  out 
the  forms  by  themselves.  they  are  able,  also, 
to  use  now  the  SST  charts.  Charts  are  sent  to 

the  associated  fishermen  through  their 
organizations,  the  same  channel  Is  used  In  return 
to  obtain  the  data  forms. 

Satellite  Data; 

1.  Hardware  and  Software. 

The  reception  of  the  satellite  signal  is  performed 
through  a  12-meter  parabolic  dish  antenna.  The 
antenna  Is  computer  driven  for  first  acquisition 
of  signal  and  it  also  has  capability  for 
autotracking  the  satellite.  The  signal  goes 
then  through  a  receiver-demodulator  that  removes 
carriers  and  possible  noises  that  could  have 
been  collected  as  part  of  the  transmission-reception 
process.  A  Bit-synchronizer  takes  care  of  the 
rest  of  the  analog  noise  yielding  a  reconstructed 
digital  signal. 

The  reconstructed  signal  is  then  fed  to  a 
decommutator  which  separates  the  5  AVHRR  channels 
and  the  TOVS  data,  these  6  streams  are  recorded 
on  analog  tape  for  archive  and  backup  and,  at 

the  same  time,  3  AVHRR  channels  are  input  to 

the  computer  for  real-time  storage  in  Its  hard 
disk. 

Decommutation,  selection  and  processing  of  NOAA 
data  Is  achieved  using  locally  generated  hardware 
and  software.  The  specialized  hardware  has  been 
kept  to  a  minimum  to  reduce  the  maintenance  and 
replacement  costs  and  the  main  effort  put  in 

a  software  system  that  would  run  in  a  commercially 
available  computer. 

The  IBM-type  PC/AT  computer  was  chosen  as  the 

sustaining  hardware  core  of  the  system. 


Its  characteristics:  speed,  memory  size,  available 
peripherals,  arithmetic  coprocessor  and  Its  open 
architecture  made  It  a  good  cholse  at  the  time. 
The  software  was  developed  using  C  language  for 
speed  and  maintainability,  eventually  It  will 
also  allow  portability  (AGUILERA,  1988). 

C  language,  being  used  by  a  vast  majority  of 
professional  programmers  and  system  developers, 
has  a  very  good  suport  In  terms  of  pre-bullt 
routines  and  compilers.  There  are  several  good 
manufacturers  of  all  kind  of  tools  for  software 
development  using  this  language  which  yields 
to  costs  reduction,  time  and  money  wise,  that 
are  by  temselves  enough  reason  to  choose  It. 

2.  Processing  Programs. 

Data  stored  In  the  computer's  hard  disk  Includes 
all  ancillary  Information  such  as  calibration, 
timing,  etc.  Files  are  In  standard  MS-DOS  format. 
No  attempt  Is  made,  at  this  level,  to  compress, 
validate  or  verify  the  data,  except  for  very 
basic  selfconsistency  checks  to  avoid  filling 
the  storage  space  wlht  noise.  A  full  validation 
Is  performed  post-pass  by  a  pre-processor  program 
which  also  performs  coarse  geometric  corrections 
using  a  pixel  repetition  technique.  This  software 
module  displays  on  .the  computer  screen  the  complete 
Image  obtained  during  the  contact  with  the  satellite 
and  allows  the  selection  of  areas  for  further 
processing.  The  user,  interactively,  can  specify 
any  area  using  a  movable  window  controlled  by 
the  keyboard  standard  cursor  keys.  Window  size 
Is  also  user  selectable. 

The  pre-processor  program  creates  files  containing 
all  the  available  information  related  to  the 
selected  area.  In  general,  the  amount  of 
Information  stored  on  these  files  Is  Independent 
of  the  window  size  as  pixel  and  line  sampling 

Is  used  to  produce  always  a  256  x  256  Image. 

The  information  stored  in  the  new  files  can  then 
be  displayed,  filtered,  converted,  distributed 
in  electronic  form  and  printed  for  hardcopy 

distribution.  The  data  format  is  maintained 

throughout  the  process  to  allow  the  different 

modules  of  the  system  to  be  used  at  any  stage 
of  It.  Thus,  spatial  filtering,  line  fixing 

and/or  cloud/land  masking  can  be  done  to  the 
raw  data,  the  intermediate  uncorrected  temperatures 
or  the  final  moisture  absorption  corrected 

temperature  charts.  This  capability  is  very 
useful  specially  to  detect  and  mask  out  low  level 
clouds  and  fog. 

Hardcopy  charts  are  created  in  two  possible  forms, 
using  dot  patterns  obtaining  over  20  gray  levels 
or,  using  subscript  characters  available  on  dot¬ 
matrix  printers.  The  first  form  Is  used  for 

quick  checks  of  shapes  and  trends,  the  second 
one  is  for  field  use  as  it  allows  better  reading 
of  actual  values  under  a  wide  range  of  light 

conditions.  As  It  has  turned  out.  It  Is  a  matter 
of  taste,  some  users  prefer  the  shades  and  others 
the  little  characters. 

AVHRR  channels  4  and  5  are  converted  to  degrees 
centigrade  using  the  standard  procedure  of  computing 
the  equivalent  temperature  from  the  measured 
radiating  energy.  Calibration  parameters  and 


published  coefficients  (LAURITSON  et  al,  1979) 
are  used  in  the  process.  Computed  temperatures 
are  then  combined  to  compensate  for  atmospheric 
water  absorption.  An  additional  correction  is 
performed  to  remove  the  effect  of  the  observation 
angle.  This  correction  was  locally  devised  and 
it  was  necessary  to  make  it  latitude  dependent 
to  achieve  results  that  are  closer  to  field  truth 
(the  in-si tu  measurements). 

AVHRR  channel  1  is  used  in  raw  form  to  help  in 
land  and  cloud  masking.  Land  is  masked  out  to 
help  in  site  location  by  using  the  coast  line 
as  reference,  automated  georeferencing  is,  at 
the  time  of  this  writing,  in  the  process  of 
development.  Even  if  the  chart  is  georeferenced 
land  masking  is  still  a  good  help  for  the  fishermen. 

Clouds  are  the  worst  enemy  of  the  SST  remote 
detection  as  what  the  satellite  sees  is  the  top 
temperature  of  them  instead  of  the  sea.  High 
clouds  are  rather  easy  to  detect  as  their  top 
temperature  is  very  low  compared  to  the  sea  surface 
but  low  clouds  and  fogs  tend  to  have  temperatures 
quite  similar  to  the  sea.  The  only  way  to  detect 
them  semi-automatically  is  with  the  use  of  visible 
channel  data.  Fog  and  cloud  masking  is  done 
with  an  interactive  graphics  program  that  presents 
the  thermal  and  visible  images  on  screen  as  well 
as  the  scatter  plot  of  both,  the  detection  becomes 
very  easy  as  the  plot  shows  totally  different 
patterns  for  each  of  the  mayor  features  of  the 
images:  clouds,  fog,  open  water,  land,  etc. 
The  user  can  then  mask  out  those  pixels  that 
belong  to  the  particular  feature  of  interest. 

RESULTS 

Probable  Fishing  Areas  Determination. 

The  Decision  Tree  is  used  to  determine  the  fishing 
probability  within  the  area  of  study.  The  expected 
catch  rate  (T)  is  computed,  expressed  in  number 
of  captured  fishes  in  a  given  zone  by  one  small 
fishing  boat,  this  is  a  discrete  variable.  The 
events  are  mutually  exclusive  and  collectively 
exhaustive. 

The  source  to  establish  the  probabilities  was 
obtained  from  satellite  thermal  data  collected 
since  the  1986  fishing  season  up  to  the  current 
year  (1989).  '  1986  is  considered  as  a  normal 
year,  in  1987  the  "El  Nino"  phenomena  affected 
the  zone  of  study.  Two  facts  were  noticed  during 
the  "El  Niho"  year:  A  positive  anomaly  of  1° 
C  on  the  SST  and  the  absence  of  upwelling  events. 
As  result  of  this,  albacore  capture  fell  to  zero 
(BARBIERI  et  al,  1989). 

Several  relationships  were  established  between 
the  catch  rate  of  albacore  and  environmental 
variables  such  as  the  SST,  sea  color  (C)  and 
the  levels  of  chlorophyll  A.  Upwelling  index 
is  derived  from  wind  data  (BAKUH,  1975)  and  the 
shape,  location  and  maturity  of  the  thermal  front 
from  the  SST  satellite  images.  Four  of  these 
relationships  are  used  for  the  model. 

The  components  of  the  model  are: 

a)  Decision  Alternatives:  four  are  considered. 


1)  The  average  monthly  SST  of  the  area  where 
albacore  is  captured. 

2)  The  upwelling  index  (UI) 

3)  The  temperature  gradient  (TG),  that  indicates 
the  presence  of  a  thermal  front. 

4)  Productivity,  considering  the  chlorophyll 
A  levels  (CL). 

b)  Event:  are  those  that  can  occur  as  a  result 

of  each  decision  alternative,  they  are  shown 
in  table  I. 

c)  Probabilities  and  Results:  are  calculated, 

the  figures  obtained  are  expressed  in  terms  of 

number  of  albacores  susceptible  to  be  captured 

by  one  "bongo"  (a  small  engine  powered  fishing 
boat,  maximum  9  meters  long).  The  fishing  technique 
is  trolling  using  4  or  5  lines  per  boat.  Results 
are  expressed  in  probable  total  capture  per  boat 
per  day  (24  hours)  at  sea:  high  probability  "A" 
is  assigned  when  the  expected  number  is  over 
50  albacores,  medium  "M"  for  10  to  49  and,  low 

or  null  "B"  for  numbers  below  9. 

Model  Implementation 

SST  changes  throughout  the  fishing  season,  according 
with  the  results  obtained  in  previous  seasons, 
albacores  are  captured  mainly  in  17  C  in  January, 
18  C  in  February,  17  C  in  March  and  16  C  in  April 
and  May.  Fishing  is  possible  in  temperatures 
that  go  from  14.5®C  to  18.7“C. 

Based  on  historical  data,  the  monthly  upwelling 
index  is  calculated  for  each  month  (UIsm),  this 

is  compared  with  Ulj  (daily  upwelling  index), 
if  the  latter  is  higher,  the  upwelling  process 
is  evolving.  lUsm  is  also  compared  to  the  average 
upwelling  index  for  the  last  5  days  (UIj-5), 
if  this  last  one  is  higher,  the  upwelling  event 
continues.  In  both  cases  probability  of  high 
catch  rate  are  low  (B). 

If  lUsm  is  higher  than  UIj-2  -  average  of  the 
two  previous  days  -  the  upwelling  relaxed.  Finally, 
if  UIsm  is  higher  than  UIj-10  -  previous  10  days 
average  -  the  period  correspond  to  absence  of 
upwelling.  In  this  two  cases,  the  decision  tree 
model  continues  by  computing  the  temperature 
gradient  per  cell  (GTc),  cells  are  defined  as 
15'xl5'  (Lat/Long),  if  GTc  tends  to  zero  for 

a  given  cell  probable  catch  rate  is  low  (B), 

thermal  discontinuities  appear  in  the  form  of 

high  gradient:  in  this  case  the  chlorophyll  A 
level  (CL)  is  used.  If  CL  is  below  0.7  mg/lt, 
probable  catch  rate  is  medium  (M).  Any  higher 
value  yields  a  high  probability  (A).  The  chart 
of  harvesting  probability  per  cell  (fig  1)  is 
superimposed  over  the  satellite  thermal  image 
to  obtain  the  final  chart  of  probable  fishing 
areas  (fig  2).  This  last  process  is  done  manually, 
but  a  software  is  under  development  to  automate 
it. 

On  January  27,  1989,  the  albacore  fishermen  caught 
around  32  pieces  per  boat,  in  the  outer  boundary 
of  the  upwelling  plume,  in  waters  17‘’C  to  18‘’C, 
60  miles  in  front  of  Valparaiso.  Theorically, 
thru  the  model,  a  high  capture  probability  had 
been  estimated  for  that  zone  (fig  2).  Therefore, 
the  estimation  was  higher  than  the  actual  capture. 
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On  January  30,  because  of  the  weather,  the  small 
boats  couldn't  reach  the  high  capture  probability 
zones  determined  by  the  model.  Fishing,  instead, 
was  performed  between  Valparaiso  and  Quintay 
15  miles  offshore  in  waters  IS’C  to  IS^C,  catching 
4  to  0  pieces  per  boat.  The  latter  places  had 
been  marked  as  low  capture  probability  zone  by 
the  model  (fig  2). 

Figure  1  shows  cold  waters  south  of  San  Antonio 
(Lat  33®35'S)  as  a  result  of  an  upwelling  event, 
when  this  happens,  fishermen  must  stay  in  port 
due  to  sea  conditions,  afterwards,  when  the  wind 


Fish  Harvesting  Proba 
bility  Chart  Per  Cell . 

A=  High; 

M=  Medium 
B=  Low 


Figure  1. 


^  =  High 
^  =  Medium 
1  I  =  Low 


Figure  2. 

Probable  Fishing  Area 
Chart  for  January 
26  thru  31,  1989 


deminishes  they  go  out  looking  for  the  stock 
without  knowing  where  they  can  find  the  favorable 
waters  for  albacore  fishing.  The  method  used 
before  was  to  continually  monitor  the  surface 
temperature  of  the  sea  using  a  regular  thermometer. 
This  could  last  for  several  days  with  no  results, 
increasing  the  operational  costs,  fuel  alone 
is  48%  of  the  total  without  considering  salaries. 
Now,  with  SST  satellite  images  and  the  probable 
fishing  areas  charts  they  go  directly  to  the 

fishing  zone  reducing  searching  times  which, 

in  turn,  decreases  the  operational  costs 

significantly  and  increases  the  success  of  each 
fishing  trip,  thus,  days  at  sea  without  fishing 

are  avoided.  Fisherman  are  increasingly  interested 
in  using  this  techniques  for  the  obvious  advantages 
it  has. 


STRETTA  &  SLEPOUKHA  (1983)  compute  the  probability 
of  fishing  and  its  evolution  at  the  intertropic 
Atlantic  using  cells  of  much  larger  size  2®  Lat 
and  5“  Long,  forecast  are  good  for  13  days. 
Predictions  are  given  to  the  tuna  deep  sea  fishing 
fleet.  This  work  has  been  done  for  a  fleet  composed 
of  small  boats  operating  from  shore  with  very 
short  autonomy  in  a  zone  where  environmental 
parameters  vary  very  rapidly.  The  method  used 
allows  the  production  of  probable  fishing  charts 
that  are  valid  for  a  given  day,  in  general,  two 
charts  per  week  are  needed  as  a  minimum. 

Techniques  and  methods  devised  for  developed 
countries  are  in  general  not  applicable  as  a 
package  to  the  various  third  world  conditions, 
they  have  to  be  tested,  adapted  and  modified 
to  truly  fill  the  needs  that  exist  in  those 
countries  as  is  the  case  of  Chile. 

Ubit  I.  Model  Compooeotv,  Decision  Alternitlves.  Events 
end  Results. 
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ABSTRACT 

Trichodesmium  is  a  major  component  of  the  global  carbon  cycle,  but  because  of  its 
sporadic  occurrence  it  is  extremely  difficult  to  study  by  conventional  shipboard 
methods,  and  has  not  often  been  reported  in  imagery  from  the  Coastal  Zone  Color 

Scanner.  We  made  spectral  reflectance  and  absorption  measurements  on  natural  and 

concentrated  populations  of  Trichodesmium  as  part  of  a  research  cruise  in  the 
Caribbean  in  November  1988.  Physiological  measurements  including  carbon  and  nitrogen 
fixation,  oxygen  consumption  and  production  were  also  made.  This  paper  discusses  the 

optical  data,  focussing  on  small  spectral  absorption  features  resulting  from  the 

nitrogen  containing  pigments;  at  495  and  567nm  by  Phycoerythrin,  and  at  625  nm  by 
Phycocyanin;  and  on  the  relatively  high  scattering  caused  by  gas  vacuoles  in 
Trichodesmium  cells.  Reflectance  data  from  a  series  dilution  experiment  are  used  to 
evaluate  the  detection  limits  of  algorithms  based  on  these  features. 
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INTRODUCTION 

The  cyanobacterium  Trlchodesmlum  spp 
(Osclllatorla)-  is  the  most  abundant  and 
active  nitrogen  fixing  species  in  the 
plankton  of  tropical  and  sub-tropical  seas 
(Carpenter,  1983) .  The  organism  plays  an 
important  role  in  the  global  flux  of  nitrogen 
and  carbon.  However,  its  appearance  in 
infrequently  travelled  tropical  seas  far  from 
major  research  laboratories,  combined  with 
the  difficulty  of  keeping  it  alive  in 
culture,  makes  it  hard  to  study.  The  global 
distribution  of  the  species,  frequency  of 
blooms  and  estimates  of  rate  of  N2  fixation 
and  primary  production  could  be  assessed  more 
accurately  by  the  use  of  remote  sensing, 
especially  when  improved  ocean  colour  sensors 
are  launched  in  the  next  decade. 

Kuchler  and  Jupp  (1988)  presented  the  Shuttle 
photograph  teproduced  in  Figure  1  showing  a 
massive  Trichodesmium  bloom  off  the  coast  of 
Australia.  DuPuoy  et  al,  (1988)  and  Kuchler 
and  Arnold  (1986)  have  shown  examples  of 
similar  blooms  imaged  using  Landsat  and 
Coastal*  Zone  Color  Scanner  data. 

In  this  paper  we  present  preliminary  results 
from  studies  using  a  non-imaging  spectrometer 
on  board  ship  to  obtain  information  on  the 
remote  sensing  signature  of  the  organism. 
Trichodesmium  contains  both  chlorophyll  a  and 
the  bllln  pigments  phycoerythrin  and 
phycocyanin  ‘  which  have  characteristic 
absorption  spectra.  These  features  should 
become  visible  in  remotely  observed  spectra 
at  some  cell  concentration.  Our  studies  were 
undertaken  with  a  view  to  determining  the 
detection  limits  for  these  features  and  in 
general  to  preparing  for  the  higher  spectral 
resolution  remote  sensing  instruments  now 
becoming  available. 

A  major  difficulty  in  Trichodesmium  studies 
is  the  non-uniformity  of  its  distribution  on 
a  wide  range  of  space  scales.  At  the  largest 
scales,  the  organism  forms  concentrated 
blooms  in  very  clear  water.  Gas  vacuoles 
cause  it  to  float  close  .to  the  surface.  At 
intermediate  scales,  convergence  in  the 
surface  layers  of  the  ocean  concentrates 
blooms  into  linear  surface  slicks  as  shown  in 
Figure  1.  At  the  smallest  scales,  individual 
chains  of  cells  (trichomes)  are  concentrated 
into  colonies  of  tens  to  thousands  of 
individual  trichomes. 

On  a  ship,  considerable  luck  is  required  to 
encounter  a  natural  bloom  of  Trichodesmium. 
However,  we  can  take  advantage  of  the  above- 
noted  colonial  behaviour  to  collect  pure 
concentrated  samples  of  Tt.'  chodesmium  even 
from  mixed  phytoplankton  populations.  This  is 
done  by  physically  picking  colonies  out  of 
the  plankton  collected  by  near-  surface  net 
tows. 

We  report  here  preliminary  measurements  on 
samples  artificially  concentrated  in  this 
way,  of  trichome  optical  properties, 
including  spectral  reflectance  and 


absorption,  relevant  to  remote  sensing  of  this 
important  species  from  the  air  or  from  space. 
All  measurements  were  made  on  samples  within 
a  few  minutes  of  their  collection. 


2.  .OPTICAL  tiEASUREMENTS 

Remote  sensing  measurements  were  made  on 
cruise  number  18  of  the  University  of  Miami 
vessel  RV  Columbus  Iselin,  between  November  4 
and  November  24  1988,  along  the  cruise  track 
shown  in  Figure  2,  from  Miami  through  the 
Bahamas  to  the  Honduran  Island  of  Roatan,  and 
to  Limon,  Costa  Rica,  crossing  a  wide  area 
where  Trichodesmium  is  known  to  occur. 
Several  interrelated  experimental  programs 
were  being  conducted  on  this  cruise, 
providing  supporting  measurements  of  carbon 
and  nitrogen  fixation,  nutrient  uptake  and 
cell  counts. 


2.1.  ABSORPTION  SPECTRA 

Absorption  measurements  were  made  on 
Trichode.smium  colonies  and,  for  comparison, 
on  a  culture  of  Svnechocoecus.  a  culture  of 
which  was  maintained  on  the  ship  during  the 
first  few  days  of  the  cruise.  Samples  were 
washed  through  filtered  sea  water  and 
collected  on  moist  GF/F  filters.  Absorption 
was  measured  according  to  the  method  of 
Mitchell  and  Kiefer  (1988),  using  the  lOS 
spectrometer  (Walker  et  al  1975)  looking  up 
through  the  filter  at  an  Osram  halogen  bulb. 

Figure  3  shows  typical  relative  absorption 
spectra  for  dispersed  trichomes  of 
Trichodesmium  and  for  Svnechocoecus.  The 
absorption  shows  a  maximum  peak  at  460nm, 
with  a  second  peak  at  678nm,  due  to 
chlorophyll  a.  Peaks  at  494nm,  and  551nm  are 
ascribed  to  phycoerythrin  and  those  at  630nm 
to  phycocyanin.  Spectral  peaks  are  sharper 
for  the  extracted  samples. 


2.2.  REFLECTANCE  SPECTRA 

Reflectance  spectra  were  collected  for  the 
concentrated  Trichodesmium  samples  by  viewing 
them  from  above  under  solar  illumination.  In 
order  to  avoid  bleaching,  this  measurement 
was  made  within  a  few  seconds  after  the  cells 
on  the  filters  were  first  exposed  to 
sunlight,  though  no  consistent  evidence  of 
bleaching  was  observed  in  subsequent 
measurements.  The  observed  radiance  spectra 
were  normalized  by  the  spectrum  from  a 
moistened,  white  filter  viewed  immediately 
afterwards  in  order  to  provide  reflectance 
factor  spectra. 

Results  are  shown  in  Figure  4  for 
concentrations  on  the  filters  of  1300  (upper 
curve),  2600,  5700,  6600,  and  23000  (lowest 
curve)  trichomes. cm"^.  Tlie  centre  curve  shows 
some  variation  in  spectral  form,  but  the 
samples  show  the  expected  trend  from  the  thin 
covering  of  the  filter  at  the  lowest 
concentration  to  near  optical  thickness  for 
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the  lowest  curve. 


2.3.  REFLECTANCE  SPECTRA  OF  A  SERIAL 
DILUTION  OF  CONCENTRATED  TRICHODESMIUM 

Because  a  natural  bloom  was  not  encountered 
on  this  cruise,  we  created  bloom-like 
conditions  by  putting  the  contents  of  a 
plankton  tow  into  a  small,  clear  plastic 
container  suspended  in  the  sea  near  the  ship. 
While  this  artificial  situation  will  not 
mimic  the  real  optical  behaviour  of  a 
Trichodesmium  bloom,  we  feel  that  it  a  good 
first  approximation,  since  in  a  bloom  the 
concentrations  near  the  surface  would  be  very 
high.  ■ 

At  one  station  off  Roatan  Island,  (Honduras) 
the  contents  of  a  64um  plankton  tow  were 
poured  into  the  container,  which  was  10cm 
diameter  and  25cm  deep,  with  a  rounded  bottom 
which  helped  avoid  reflection  from  the 
container  itself.  Upwelllng  radiance  spectra 
were  obtained  by  pointing  the  spectrometer 
into  the  container  from  the  deck  of  the  ship. 
A  file  'Of  100  or  more  individual  spectra  were 
obtained  for  each  dilution,  from  which 
averages  of  10  to  20  spectra  from  Inside  the 
container  were  later  selected  to  represent 
that  dilution.  After  each  raw  radiance  data 
file  was  obtained,  the  contents  of  the 
container  was  diluted  with  an  equal  volume  of 
sea  water,  and  another  file  of  spectra  were 
measured.  After  the  first  two  spectra  were 
obtained  (0  and  1  in  Figure  6) ,  the  plankton 
was  gently  screened  through  a  64um  mesh 
plankton  net  in  an  attempt  to  wash  out  some 
of  the  contaminating  diatoms  and 
nanoplankton.  Samples  at  each  dilution  were 
counted  using  a  microscope  and  Sedgewick- 
Rafter  cell. 

The  raw  upwelling  radiance  spectra  were 
transformed  into  reflectance  factor  spectra 
by  dividing  by  a  radiance  spectrum  of  a  white 
card  obtained  at  the  same  time.  The  spectra 
obtained  are  shown  in  Figure  5.  The  series  of 
6  samples  (5  dilutions)  range  from  1441 
trichomes/ml  (top  spectrum)  to  46 
trichomes/ml  (lowest  spectrum) .  Samples  for 
chlorophyll,  phycoerythrln  and  Trichodesmium 
filament  number  were  also  obtained. 


3.  IMPLICATIONS  FOR  REMOTE  SENSING 

The  absorption  spectrum  in  Figure  3  for 
Trichodesmium  indicates  sufficient  similarity 
to  other  marine  phytoplankton  that 
measurements  using  the  blue/green  ratio 
technique,  for  example  with  CZCS  satellite 
data,  will  probably  be  satisfactory  at  "sub¬ 
bloom"  conditions  (Lewis  et  al.  1988). 
However,  specific  identification  of 
Trichodesmium  will  have  to  rely  on 
fluorescence  of  phycoerythrln  (Hoge  and  Swift 
1983),  or  on  its  absorption  properties. 

Methods  based  on  phycoerythrln  fluorescence 
may  be  confounded  by  interference  from 
Svnechococcus.  the  other  abundant  blue-green 


alga  in  these  waters.  In  Figure  3  the  higher 
concentration  of  phycoerythrln  in 
Svnechococcus  is  indicated  by  the  increased 
absorption  at  546nm. 

The  reflectance  spectra  in  Figure  4  show 
increasing  saturation  of  the  filters,  with 
the  spectra  for  the  highest  concentrations 
implying  a  cross-section  per  trichome  on 
the  order  of  about  10"'*cm^.  This  agrees  very 
well  with  mean  cell  diameters  of  lOu  and 
trichome  lengths  of  1mm.  The  lowest 
reflectance  spectrum  in  Figure  4  is  very 
similar  to  that  of  terrestrial  vegetation. 
Surface  mats  of  Trichodesmium  will  show  the 
characteristic  chlorophyll  "red  edge"  in 
their  spectrum,  a  feature  which  should  be 
detectable  in  remote  sensing  measurements 
over  deep  water  by  the  radiance  difference 
between  680  and  720nm. 

We  anticipate  that  this  feature  can  be 
exploited  in  observing  surface  blooms,  though 
present  satellite  sensors  are  not  optimized 
for  this. 

This  region  of  the  spectrum  has  been 
investigated  for  observations  of  water¬ 
leaving  radiance  in  connection  with 
measurements  of  solar-stimulated 
phytoplankton  chlorophyll  a  fluorescence 
(Neville  and  Gower  1977,  Gower  and  Borstad 
1981) .  The  need  to  make  remote  sensing 
observations  in  narrow  and  well-defined 
windows  that  minimize  contamination  by 
atmospheric  absorption  features,  leads  to  a 
need  for  specialized  sensors  such  as  the  FLI 
(Borstad  et  al,  1985)  and  the  CASI  (Borstad 
and  Hill,  1989) . 

Other  features  are  also  visible  in  the 
spectra  of  Figures  3,  4  and  5.  Phycoerythrln 
absorption  at  495  and  548nm  is  visible  in 
Figures  3  and  4,  and  at  the  highest 
concentrations  in  Figure  5.  Phycocyanin 
absorption  at  630nm  is  similarly  apparent. 

The  "phycoerythrln"  dip  in  the  curves  in 
Figure  5  centred  at  495nm  can  be  quantified 
by  measuring  the  difference  between  the 
reflectance  at  that  wavelength,  and  the 
reflectance  interpolated  from  measurements  at 
470  and  532nm. 

Figure  6  shows  a  plot  of  this  difference 
against  the  Trichodesmium  concentration  in 
trichomes/ml.  The  plot  is  reasonably  linear 
(r‘=.92),  and  indicates  a  measurable 
reflectance  drop  at  concentrations  down  to 
near  200  trichomes/ml.  This  is  a  high 
concentration  for  many  tropical  waters,  but 
is  relatively  low  for  bloom  conditions 
(Devassy  et  al  1978,  Eleuterius  et  al  1981) . 
Similar  detection  limits  can  be  deduced  for 
the  other  features  in  Figure  6. 

The. over-all  shape  of  the  curves  in  Figure  6 
indicates  scattering  over  the  full  range  of 
wavelengths  plotted,  as  would  be  expected  for 
this  near-surface  "bloom" .  High  scattering 
at  wavelengths  greater  than  710nm  should 
allow  Trichodesmium  to  be  visible  in  AVHRR 


and  Landsat  imagery.  However  this 
scattering  would  be  misinterpreted  by  the 
standard  CZCS  processing  algorithm,  which 
assumes  zero  water-leaving  radiance  at 
wavelengths  longer  than  670nm. 

Our  results  confirm  the  findings  of  Dupuoy  et 
al  (1988)  and  Kuchler  et  al.  (1986). 
Existing  sensors  will  image  Trichodesmlum  by 
detecting  the  increased  brightness  at  all 
optical  wavelengths.  Higher  spectral 
resolution  and  sensitivity  with  future 
sensors  should  give  greater  sensitivity,  and 
permit  positive  identification  of  pigments 
such  as  phycoerythrin  and  phycocyanin. 
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Figure  1  Shuttle  photograph  illustrating  the 
■spatial  structure  of  a  massive  Trichodesmlum 
bloom. 
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Figure  2  Cruise  track  of  the  Columbus  Iselin 
in  November  1988  showing  station  numbers  and 
ports  df  call. 
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Figure  5  .Spectral  reflectance  of  different 
concentrations  of  Trichodesmium  measured  in  a 
small  transparent  container  suspended  at  the 
surface  of  the  sea  in  deep  water. 
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Figure  3  Spectral  absorption  of  samples  of 
Trichodesmium  (heavy  line)  and  Svnechococcus 
(light  line)  measure  on  the  cruise. 
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Figure  6  Correlation  of  the  depth  of  the 
absorption  minimum  at  ^95nm  shown  in  Figure 
5/  with  the  Trichodesmium  concentration  in 
cells/ml. 
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Figure  4  Spectral  reflectance  of  different 
concentrations  of  Trichodesmium  on  white 
filter  papers. 
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ABSTRACT 

One  of  the  major  forecast  problems  facing  the  marine 
meteorologist  Is  evaluating  the  potential  for 
intensification  of  weather  systems  (cyclones).  Many 
cyclones  intensify  as  they  move  through  the 
mid-latitudes  and  a  sub-set  of  them  will  become 
extremely  dangerous  storms.  Given  the  seriousness 
of  these  explosive  developments,  the  weakness  of 
numerical  atmospheric  simulation  models  over  the 
eastern  Pacific  Ocean  and  the  sparsity  of 
conventional  meteorological  data  in  that  same  area, 
weather  forecasters  require  an  objective  technique. 
This  paper  describes  a  satellite  based  forecast 
technique  developed  at  the  Pacific  Heather  Centre 
that  assesses  the  likelihood  of  rapid 
intensification. 

Key  Horde  -  weather;  forecast;  meteorology; 
cyclones  and  GOES. 


1.  Introduction 

Over  the  years,  many  papers  have  been  published  that 
describe  the  dynamics  and  thermodynamics  that  occur 
during  the  formation  and  intensification  of  weather 
systems  (cyclogenesis).  However,  the  set  of  tools 
for  solving  the  specific'  forecast  problem  of  "How 
much  Intensification?"  Is  still  Incomplete. 

Of  special  concern  to  forecasters  are  systems  that 
Intensify  very  rapidly,  colloquially  called  "bombs" 
(Sanders,  1980),  which  are  a  sub-set  of  all  marine 
cyclones.  In  an  average  year  about  sixteen  such 
storms  affect  the  northeast  Pacific  Ocean.  Because 
of  the  scarcity  of  conventional  meteorological  data 
and  the  questionable  reliability  of  computer 
generated  analysis  fields,  satellite  Information 
plays  a  crucial  role  in  assessing  the  state  of  the 
atmosphere  and  the  potential  for  cyclonic 
development. 

A  satelXice  based  "bomb"  forecast  system  has  been 
developed  at  the  Pacific  Heather  Centre  and  is  being 
used  by  duty  forecasters  to  assist  In  the  prediction 
of  explosive  cyclogcnesls. 


2.  Data 

The  data  sec  used  to  ‘  develop  the  forecast  system 
comprised  a  total  of  111  cyclones  from  the  winters  of 
1986-87  and  1987-88.  Included  In  this  set  were  51 
"bombs  and  60  "non-bombs".  The  critical  value  for 
dividing  the  two  classes  Is  a  Bergeron  value  of  one 
where  a  Bergeron  was  defined  by  Sanders  (1980)  as 

B  -  [  p/24)  *  (sin  /8in(  /3)) 
p  a  observed  24  hour  pressure  change 
■  latitude 

The  geographical  area  under  consideration  was  the 
eastern  Pacific  Ocean  east  of  150  degrees  west 
longitude  and  north  of  40  degrees  north  latitude 
(figure  1). 


Figure  1.  Location  of  study  area  over  eastern 

Pacific  Ocean.  Cyclones  must  He  within 
this  area  at  end  of  rapid  intensification 
phase  to  bo  placed  Into  data  set. 
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For  a  system  to  be  Included  In  the  data  set,  it  had 
to  lie  within  this  area  at  the  conclusion  of  its 
maximum  intensification.  A  2A  hour  time  period  was 
chosen  which  maximized  the  decline  in  central 
pressure  of  the  cyclone. 

The  systems  were  analyzed,  a  posteriori,  using 
material  routinely  available  in  the  Pacific  Weather 
Centre,  namely  GOES  satellite  imagery,  data  from  the 
TIROS  Operational  Vertical  Sounder 
(TOVS)  .  6  hourly  surface  weather  charts,  computer 
generated  meteorological  fields,  and  aircraft  wind 
reports.  Values  were  extracted  for  each  system  from 
answers  to  a  series  of  questions  that  examined  many 
facets  of  the  intensification  process.  Other 
potential  predictors  suggested  by  MacDonald  and 
Reiter  (1988),  that  show  promise  in  predicting 
cyclogcnesis,  cannot  be  assessed  in  the  Pacific 
Weather  Centre  as  the  specialized  data  that  is 
required  is  not  available. 


3.  Satellite  Analysis 

Satellite  information  can  be  utilized  in  two  ways 
when  examining  the  potential  for  strong  cyclogenesis. 
Primarily,  it  can  indicate  whether  the  upper  air  flow 
pattern  is  one  that  will  support  cyclogenesis,  and 
secondly,  it  can  be  used  to  verify  computer  generated 
fields. 

Weldon  (1979)  examined  animation  sequences  of 
cyclones  and  was  able  to  compile  a  set  of  4 
mid-tropospheric  flow  patterns  that  are  conducive  to 
development.  By  examining  additional  systems  from 
the  eastern  Pacific,  two  more  patterns  have  been 
added  to  this  list.  Schematic  diagrams  of  the 
patterns  Just  prior  to  the  onset  of  intensification 
are  shown  in  figure  2  on  the  following  page. 

These  flow  patterns,  however,  support  cyclogcnesis  in 
general,  not  only  intense  cyclogenesis.  To  predict 
the  latter  case,  an  assessment  of  the  overall 
dynamics  of  the  atmosphere  is  required.  Satellite 
data,  both  imagery  and  TOVS  information,  are  utilized 
in  this  assessment  to  validate  and,  if  necessary, 
adjust  the  computer  objective  analysis  fields  that 
are  available.  Using  these  fields  and  other 
conventional  data,  a  subjective  estimate  of  potential 
energy  available  for  cyclogcnesis  can  be  made. 

GOES  satellite  data  also  has  the  advantage  of  having 
a  high  temporal  frequency,  with  a  full  disk  image 
available  every  half  hour.  Consequently,  this 
information  is  valuable  in  giving  an  up-to-date 
indication  of  the  state  of  the  atmosphere.  With 
developing  storms  that  ‘can  reach  full  intensity 
within  an  18  hour  time  span,  one  cannot  wait  for  the 
computerized  forecast  guidance,  which  appears  every 
12  hours,  before  making  a  forecast  decision. 

Aside  from  the  standard  11.2  micrometre  infra-red 


(IR)  window  channel  and  the  visible  channel, 
considerable  use  is  also  made  of  the  6.7  micrometre 
high-level  water  vapour  channel.  For  example,  strong 
subsidence  behind  an  intensifying  low  pressure  centre 
is  an  indicator  that  cyclogcnesis  has  started.  The 
speed  at  which  this  band  increases  in  size,  or 
darkens,  is  correlated  with  the  rate  of 
Intensification.  Other  IR  bands  that  have  recently 
become  available  with  improvements  to  the  GOES 
spacecraft  and  the  Pacific  Weather  Centre's  satellite 
ground  station  will  also  be  examined  for  clues  to 
explosive  cyclogenesis. 


4.  Conclusion 

Satellite  Information  plays  a  critical  role  in  the 
assessment  of  potential  cyclogenesis  over  the  eastern 
Pacific  Ocean.  Infra-red,  water  vapour  and  visible 
band  imagery  can  be  utilized  to  identify  atmospheric 
circulation  patterns  that  support  surface 
development.  In  addition,  animated  imagery  can 
Indicate  which  systems  are  intensifying  and  how 
quickly  that  process  is  proceeding.  TOVS  data  can  be 
used  to  validate  the  accuracy  of  numerical  analysis 
fields  and  to  adjust  them  as  required. 

The  availability  of  high  quality  real-time  satellite 
data  allows  the  marine  meteorologist  to  have  more 
confidence  in  the  analysis  of  a  particular  weather 
pattern  and  hence,  more  confidence  in  the  accuracy  of 
the  forecast. 
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R4suin4 

La  tdldd^tection  permet  de  faire  un  zonage  de  sites  maricoles  avec 
un  minimum  de  levds  au  sol.  Les  sites  identifies  peuvent,  par  la 
suite,  etie  caracterisds  en  vue  d'dtablir  leur  capacitd  de  support  et 
d'en  faire  le  suivi. 

Cette  etude  a  pour  but  d'acceierer  le  processus  d'identification  et 
de  caractdrisation  des  sites  maricoles  4  I'aide  de  capteurs 
adroportes  (MEIS-II,  FLI)  et  satellitaires  (Landsat-TM,  SPOT- 
HRV,  NOAA-AVHRR).  Ces  '.tages  sont,  par  la  suite, 
combindes  4  des  donndes  biologiques,  ocdanographiques, 
anthropiques,  gdomorphologiques  et  mdtdorologiques  en  utilisant 
un  systdme  d'information  gdographique  (SIG). 

En  ddmontrant  le  potentiel  des  cotes  du  Qudbec  et  en  facilitant  le 
choix  des  sites  aquicoles,  nous  voulons  aider  4  augmenter  le 
nombre,  la  diversitd  et  le  renjlement  des  exploitations.  La  mdthode 
est  basde  sur  un  regroupeme^,  des  diffdrentes  thdmatiques  qui 
composent  une  cote  et  pour  lesquelles  il  existe  une  expertise,  soit 
les  substrats  et  la  gdomoiphologie,  I'ocdanographie  physique,  les 
sddiments  en  suspension,  le  zoo  et  le  phytoplancton,  la  vdgdtation 
marine,  la  bathymdtrie  et  les  infrastructures. 

Le  traitement  numdrique  de  ces  thdmes  et  leur  intdgration  aux 
donndes  compldmentaires  sur  SIG  permettent  d'accroltre  la 
rapiditd  d'analyse  ainsi  que  le  nombre  d'intervenanis  dans  la 
sdlection  d'un  site  aquicole. 

Cette  dtude  est  financde  par  le  ministdre  de  I'Agriculture,  des 
Pecheries  et  de  I'Alimentation  du  Qudbec. 

Mots  elds:  aquiculture,  milieu  biophysique,  cotes,  images 
satellitaires,  images  adroportdes,  SIG 

Introduction 

Globalement,  I'aquiculture  n'est  pas  une  industrie  rdeente.  La 
Chine  la  pratique  depuis  plusieurs  milliers  d'anndes.  Au  Qudbec, 
on  connait  bien  la  culture  de  la  ttuite  d'eau  douce  qui  existe  depuis 
plusieurs  anndes.  Pius  rdeemment,  la  culture  du  saumon  en  eau 
salde  est  devenue  une  industrie  de  plus  en  plus  importante 
(Lafleur,  1986).  On  vise  maintenant  la  production  de  nouvelles 
espdees  maricoles  (Poirier  et  al.  1982). 


Le  but  de  notre  dtude  est  de  faire  un  zonage  des  sites  maricoles 
dans  la  bale  des  Chaleurs.  La  mise  au  point  de  notre  mdthode 
vise  4  accdldrer  le  processus  d'identification  et  de  caraetdrisation 
des  sites  maricoles  en  dvaluant  la  capacitd  des  capteurs  adroportds 
et  satellitaires  existants  dans  une  ddmarche  pluridisciplinaire.  La 
mdthode  optimale  sera  celle  qui  opdrera  avec  un  minimum  de 
capteurs  et  dont  le  moindre  coQt  et  la  facilitd  de  suivi  seront 
possibles.  Avec  ses  13  0(X)  km  (calculds  4  I'dchelle  du  1:  2S0 
(XX))  de  cotes,  le  Qudbec  possdde  un  potentiel  important. 
L’expertise  au  sol  du  milieu  edtier  qudbdcois  par  mdthode 
tiaditionnelle,  tant  pour  la  capacitd  de  support  du  milieu  naturel 
que  pour  la  recherche  de  sites  favorables  aux  futures  exploitations 
aquicoles,  est  freinde  par  les  coQts  et  le  temps  d'exdcution.  La 
tdidddtection  peut  ddgrossir  les  probldmes  el  cemer  les  zones 
d'expertise  au  sol.  On  peut  ainsi  proedder  rapidement  4  un 
inventaire  complet  des  cdtes,  avec  I'appui  d'un  SIC,  en  vue  de 
planifier  son  ddveloppement  et  son  amdnagement  et  ainsi 
permettre  le  suivi  de  son  dvolution  (Cheney  et  al.  1984; 
Kapetsky  eta/.  1987). 

Le  site  d'dtude 

Le  site  choisi  reprdsente  3S0  km  de  cotes  dans  la  bale  des 
Qialeurs  entre  la  rividre  Restigouche  et  Gaspd.  Dans  cette  rdgion, 
nous  possddons  des  photographies  adriennes  de  1948  4  1980  4 
des  dchelles  variant  du  1: 2  500  au  1:  36  000.  Nous  avons  aussi. 
des  survols  adroponds  des  capteurs  MEIS-II,  DAEDALUS  et  FLI 
ainsi  que  des  images  Landsat-TM,  SPOT-HRV  et  NOAA- 
AVHRR  (figure  1).  De  plus,  nous  possddons  des  donndes  au  sol 
prisent  simultandment  4  I'acquisition  d'images  ainsi  que  des 
relevds  biophysiques  compilds  sous  forme  de  rapport  ou  de  cartes 
qui  permettrons  de  vdrifier  les  rdsultats. 

Mdthodologie 

La  mdthodologie  tient  compte  surtout  des  besoins  de  la 
mytiliculturc.  Elle  peut  cependant  ctre  adaptde  4  d'autres  types 
de  mariculture. 

Les  dtudes  ddj4  publides  sur  I'aquicultuie  traitent  rarement  ou 
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en  faible  panic  I'aspcct  enviionnement  du  site.  Nous  avons  done 
fait  la  liste  des  panunitres  biephysiques  qui  composent  le  milieu 
cdtier  et  marin  et  qui  sont  ndeessaires  4  revaluation  de 
I'environnement  d'un  site  aquicole.  Ces  parametres  biophysiques 
sont  regroupes  dans  quatie  grands  thbmus; 

-  la  gdomoiphologie 

-  la  dynamique  codbre 

-  la  biologic  marine 

-  les  aedvites  anthropiques 

La  m6thode  est  bas6e  sur  la  detection  et  I'integration  des 
parambtres  qui  composent  ces  thbmes  dans  un  systbme 
d'information  geographique  avec  un  minimum  de  capteurs  et  de 
travaux  au  sol.  La  demarche  du  projet  est  schematisec  dans 
I'organigramme  tepresentd  4  la  figure  2. 

Comme  nous  I'avons  vu,  la  premibre  btape  a  6l6  de  detailler  tous 
les  elements  faisant  partie  des  quatre  grands  thbmes  avec  leur 
niveau  de  precision  acceptable  pour  le  choix  d'un  site.  Un 
inventaire  des  documents  touchant  de  prbs  ou  de  loin  le  traitement 
d'images  applique  au  milieu  marin,  en  plus  des  duides  portant  sur 
les  elements  qui  composent  le  milieu  marin,  a  ete  effectub  sur 
support  micro-informatique.  Le  nombre  total  de  documents 
s'eibve  4  environ  600.  Nous  avons  analyse  la  documentation 
portant  sur  les  pratiques  aquicoles  ainsi  que  celle  sur  les  intrants 
biophysiques  et  les  facteurs  limitants  des  espbees  maricoles. 

Suite  4  la  revue  bibliographique,  nous  avons  pu  diviser,  d'aprbs 
I'expertise,  les  parambtres  qui  peuvent  6tre  dhteetbs  par  analyse 
numbrique  des  images  multispectrales,  ceux  qui  seront  interprbtbs 
4  paitir  des  photographies  abriennes  et  finalement,  ceux  qui  seront 
compiles  4  partir  de  relevbs  au  sol  (dej4  existants). 

Une  etude  prblinunaire  de  la  performance  de  detection  des 
parambtres  biophysiques  par  tbiedbtection  est  reprbsentee  au 
tableau  1.  Cette  analyse  a  btb  faite  4  partir  de  la  documentation  et, 
dans  certains  cas,  4  partir  d'appiications  que  nous  avons  nous- 
memes  effectubes,  toujours  en  tenant  compte  des  parambtres 
biophysiques  caraetbristiques  de  la  bale  des  Chaleurs.  Les 
capteurs  analyses  sont  ceux  dont  nous  possbdons  des  images. 

L'interprbtation  comparbe  d'images  satellites  TM  de  Landsat  et 
HRV  de  SPOT  a  btb  faite  pour  extraire  I'information  sur  la 
vbgbtation  marine  immergbe  et  bmergbe,  la  gbomorphologie,  les 
courants  cdtiers  et  les  panaches  de  cours  d'eau.  Les  informations 
sur  ia  temperature  de  surface  proviennent  des  images  Landsat-TM 
et  NOAA-AVHRR.  La  premibre,  de  moyenne  resolution  spatiale 
U20  m  X  120  m),  est  exploitee  pour  la  reconnaissance  des 
structures  thermiques  locales.  La  seconde,  dont  la  resolution 
spatiale  est  de  I'ordre  de  1  km  X  1  km,  nous  apporte  une 
information  4  rechellerbgionale. 

La  tbie-interprbtation  de  photographies  abriennes  4  moyenne 
bchelle  (1:15  000  ou  1: 20  000)  et  4  petite  bchelle  (1: 36  000)  de  la 
zone  cdtibre  a  btb  faite  pour  la  gbomorphologie,  la  turbiditb  des 


eaux,  des  substrats,  les  courants  cdtiers  et  de  dbrive  iittorale,  les 
panaches  de  cours  d'eau  et  les  infrastructures.  Dans  les  zones 
litigieuses,  il  y  a  eu  relevb  au  sol  (btbs  1987  -  1988).  Par 
consequent,  on  a  utilise  les  rbsultats  de  l'interprbtation  des 
photographies  abriennes  spbcialement  pour  la  gbomorphologie. 

La  comparaison  entre  l'interprbtation  des  photographies  abriennes 
et  celle  des  images  satellites  a  btb  faite  au  niveau  de  la 
gbomorphologie,  des  infrasmictures,  de  la  vbgbtation  marine  et  de 
la  bathymbtrie. 

L'analyse  des  parambtres  4  panir  de  la  documentation  existante 
nous  a  perrni  d'btablir  des  critbres  de  sblection  thboriques.  Au 
niveau  de  I'bvaluation  des  sites  potentiels,  en  conjonedon  avec  les 
intervenants  en  aquiculture,  I'intbgration  des  donnbes 
anthropiques  (infrastructures)  et  de  quelques  donnbes 
complbmentaires  (biophysiques,  gbomorphologiques  et 
mbtborologiqucs)  sur  SIG  permet  de  commencer  la  sblection 
prbliminaire  des  sites. 


Rbsultats  orbliminaires 

L'image  thermique  de  Landsat-TM  nous  foumit,  aprbs  seuillage 
de  I'histogramme,  une  carte  de  la  rbpartition  des  tempbratures  de 
surface  pour  le  16  juillet  1987.  On  observe  un  gradient  maximal 
d’environ  10  degrbs  entre  la  c6te  du  Qubbec  et  celle  du  Nouveau- 
Brunswick.  Les  eaux  les  plus  firoides  se  retrouvent  sur  la  c6te  du 
Qubbec  entre  Carleton  et  Bonaventure.  Bien  que  I'extraction 
d'information  sur  les  tempbratures  de  surface  soit  complbtbe,  il 
reste  4  mettre  en  relation  ces  demibres  avec  les  autres  parambtres 
biophysiques,  tels  la  profondeur  de  I'eau,  les  conditions 
mbtborologiqucs  (vitesse  et  direction  des  vents)  ainsi  que  des 
donnbes  existantes  tirbes  de  la  documentation  pour  prbeiser 
l'interprbtation  de  ces  rbsultats.  A  partir  de  cette  mcme  carte 
d'indices  mbtborologiques,  nous  avons  dbduit  ia  direction  des 
courants  de  surface.  11  semble  que,  sous  I'effet  du  vent,  il  y  ait 
un  dbplacement  de  la  masse  d'eau  du  nord  vers  le  sud-est  pour  la 
joumbe  considbrbe.  Cette  hypothbse  est  prbliminaire  et  une 
analyse  additionnelle  est  nbcessaire  pour  augmenter  la  validitb  des 
rbsultats.  Cette  image  nous  a  bgalement  permis  d'extraire  ie 
panache  des  rivibres  Bonaventure  et  Cascapbdia.  La  meme 
mbthode  d'analysc  a  btb  appliqube  aux  images  AVHRR  de  NOAA 
enregistrbes  les  4  et  15  mai  1987.  On  obtient  alors  une  carte  des 
courants  de  surface  pour  I'ensemble  de  la  bale  pour  deux  autres 
dates.  Une  image  du  meme  capteur,  datbe  du  13  avril  1987,  est 
bgalement  disponible;  I'intbret  de  cette  image  est  qu'elie  nous 
permet  de  localiser  les  zones  englacbes.  11  est  4  noter  que  les 
donnbes  sur  ics  conditions  d'engiacement  devront  etre  compietecs 
avec  les  cartes  provenant  du  ministbre  de  I'Environnement  du 
Canada.  Ces  demibres  sont  produites  sur  une  base  rbgulibre,  ce 
qui  nous  permet  de  faire  une  bvaluation  plus  fiablc  des  conditions 
normales  d'engiacement. 

Au  niveau  de  ia  photo-interprbtation,  principalement  pour  la 
gbomorphologie  et  les  infrastructures,  nous  bvaluons  et  tentons 
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pr^sentement  de  regrouper  les  dl4ments  qui  apportent  une 
information  utile  pour  la  selection  des  sites  aquicoles  et  ce  avant 
leur  intdgradon  sur  SIG  (dative  littorale,  nature  du  substrat). 

On  idendfie  sur  I'image  HRV  de  SPOT  des  courants  d'eau  turbide 
trbs  distincts.  II  est  toutefois  moins  aisd  d'identifier  les 
peuplements  de  v4g4taux  immerg4s,  tant  avec  i'image  HRV  de 
SPOT  que  TM  de  Landsat.  Les  resolutions  spectrale  et  spatiale 
des  images  satellites  sont  trop  faibles  pour  permettie  d'extraire 
cette  information  normalement  accessible  avec  les  capteurs 
aeroportes  (MEIS-II  et  FLI  spatial). 

Les  rdsultats  obtenus  montrent  que  les  images  numeiiques,  tant 
aeroportees  (MEIS-II  et  FLI)  que  satellitaires  (SPOT-HRV, 
Landsat-TM  et  NOAA-AVHRR),  combindes  aux  donnees 
compiementaires(biophysiques,anthtt>piques,  geomorphologiques 
et  metdorologiques),  aux  mesures  au  sol  et  I  la  teie-interpretation 
de  photographies  adriennes,  permettent  une  detection  lapide  et  peu 
coQteuse  des  patamitres  biophysiques. 

Cependant,  la  precision  de  ces  rdsultats  diffbre  de  celle  obtenue 
avec  les  rndthodes  traditionnelles.  La  precision  pour  les  thimes 
etudids  varie  selon  differents  facte’.  ■.  "’•'•■r  la  gdomorphologie, 
la  nature  du  substrat  et  la  vdgetatici;  cmergdt.  la  precision  ddpend 
de  la  resolution  spatiale  des  images,  land’’'  que  pour  les  matidres 
en  suspension,  la  vdgetation  immergd '  :es  courants  cdtiers,  la 
derive  littorale,  la  turbiditd  et  la  bathymdtrie,  la  precision  se 
calcule  en  fonction  de  la  resolution  spectrale  et  de  la  capacitd  du 
capteur  it  ddtecter  4  de  grandes  profondeurs;  la  limite  actuelle  est 
d'environ  10  m  pour  la  bale  des  Chaleurs  avec  le  capteur  MEIS- 
II.  Pour  ce  qui  est  des  courants  gendraux  et  de  la  tempdrature  de 
I'eau,  la  detection  se  limite  au  1^'’  centimdtre  de  la  surface. 
Ndanmoins,  la  documentation  fait  dtat  d'un  bon  nombre 
d'exemples  en  ocdanographie  appiiqude  montrant  la  possibilitd  de 
teller  la  tempdrature  de  surface  4  certains  mouvements  observds 
en  profondeun  cette  relation  teste  4  faire. 

Par  ailleurs,  nous  avons  numdrisd  sur  un  SIG,  pour  la  rdgion 
comprise  entre  Maria  et  Pointe  Bonaventure,  le  profil  de  la  cdte, 
les  routes  principales,  les  centres  urbains  et  les  zones  urbaines, 
les  quais  et  les  rampes  d'accds,  les  zones  recrdatives  et  les  limites 
des  MRC.  II  reste  deux  dldments  4  numdriser,  soit  les  bancs  de 
mollusques  dej4  existants  et  la  nature  du  substrat.  L'intdgration 
d'une  partie  des  donndes  numdriques  aux  donndes 
compldmentaires  numdrisdes  a  dtd  effectude  avec  succds. 

Les  dtapes  4  franchir  sont  done  celles  qui  dvaluent  la  fiabilitd  des 
outils  utilisds  par  analyse  statistique  et/ou  par  une  prise  de  mesure 
au  soi  pour  vdrification  des  rdsultats.  Nous  analyserons  les 
avantages  et  les  inconvdnients  de  rutilisation  des  mdthodes  de 
tdidddtection  pour  la  sdlection  des  sites  aquicoles.  Par  la  suite, 
nous  poutrons  faire  un  zonage  prdliminaire  des  sites  potentiels 
pour  la  mariculture  dans  la  bale  des  Chaleurs.  Les  rdsultats 
finaux  seront  reprdsentds  sur  des  cartes  4  petite  dchelle  pour 
I'ensemble  de  la  bale  et  4  grande  dchelle  pour  les  zones 
privildgides.  Ces  cartes  seront  regroupdes  par  thdmes  (ex.: 


tempdrature,  bathymdtrie,  etc.),  par  ensemble  de  thdmes  (ex.: 
tempdrature  et  courants,  profondeur  et  vdgdtation  marine,  etc.)  ou 
par  combinaison  ponddrde  de  plusieurs  thdmes,  ce  qui  nous 
permettra  de  caraetdriser  les  sites  (nul,  faible,  moyen,  fort). 
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Figure  1:  bale  des  Chaleurs:  donn^es  de  Ul^d^tection  disponibles 


Tableau  I :  Evaluation  dc  la  posaibilili  dc  detection  des  paramitres 
biophysiques  pour  divers  capteurs  en  fonction  dc 
raquiculture 
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Figure  2  ;  Organigramme  methodologique 
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ABSTRACT 

Use  of  the  APT,  reduced  resolution  thermal  and  near-infrared 
AVHRR  data  from  the  NOAA  weather  satellites  has  been 
demonstrated  for  a  variety  of  purposes,  including  the  real-time 
mapping  of  weather  patterns  and  sea  surface  temperatures. 
Lower  cost  systems  have  been  used  for  producing  cloud  images, 
but  have  not  preserved  the  data  quality  needed  for  water 
temperature  mapping.  Higher  quality  commercial  receiving 
systems  have  in  the  past  cost  over  $50,000.  We  present 
preliminary  examples  of  imagery  collected  from  a  simplified 
receiver,  digitizer  and  display  system,  which  uses  custom 
electronics  to  input  ima^e  data  a  to  PC-based  display  system. 
The  temperature  sensitivity  is  designed  to  be  sufficient  to  map 
coastal  sea  surface  temperature  patterns  (on  the  order  of  0.5Q, 
though  this  has  not  yet  been  achieved  with  our  system.  The  PC- 
based  display  software  supports  a  wide  variety  of  image 
corrections  and  enhancements. 


APT  IMAGERY 

The  AVHRR  imagery  from  the  NOAA  series  of  weather 
satellites  provides  1.1km  nomina^ound  (sub-track)  resolution, 
in  5  spectral  charmels  in  the  HRPT  (High  Resolution  Picture 
Transmission)  mode.  These  provide  cloud,  land  and  water 
visible  imagery,  and  cloud-top,  land  and  water  surf-  -..:  thermal 
imagery.  Imaging  of  weather  patterns  is  certainly  the  most 
important  application,  but  the  data  are  also  used  for  mapping 
and  tracking  Arctic  and  Antarctic  ice,  monitoring  land  use,  and 
mapping  global  sea  surface  temperatures. 

Reception  of  the  data  requires  an  S-band  receiver  with  a 
directional,  tracking  anterma  of  about  3  -  5m  diameter,  though 
recent  developments  in  low-noise  receivers  are  reducing  the 
required  anteima  diameter.  An  alternative  data  stream  of  APT 
(Automatic  Picture  Transmission)  imagery  is  also  sent  frohi  the 
satellite  at  a  reduced  bit  rate,  requiring  a  reduced  data  band¬ 
width,  and  hence  less  antenna  gam.  It  is  designed  to  be  received 
using  an  omni-directional  (non-tracking)  antenna,  making  for  a 
considerable  cost  reduction  in  this  item.  The  lower  data  rate  and 
number  of  elements  makine  up  an  image  allows  for  processing 
and  storage  using  simplified  equipmenF. 

Starling  with  TIROS-N  in  the  NOAA  weather  satellite  series, 
APT  data  was  upgraded  to  a  digitally  processed  subset  of  the 
AVHRR  imagery.  One  near-infrared  and  one  thermal  infrared 
band  is  transmitted  during  the  day,  and  two  thermal  infrared 
bands  are  transmitted  at  m'ght.  Every  third  line  of  the  two 
channels  is  selectively  averaged  to  maintain  a  nominal  ground 
resolution  of  4km.  The  averaging  is  varied  (less  averaging  away 


from  the  scan  centre)  to  compensate  the  effect  of  the  non-linear 
scan  geometry. 

The  APT  system  was  designed  to  allow  simple  reception  of 
cloud  images.  LaViolette  (1975)  reported  on  the  use  of  the  data 
from  an  AiH'  receiver  installed  on  board  a  research  vessel.  For 
oceanographic  surveys  that  involve  tracking  of  features  with 
strong  surface  thermal  signatures  the  data  was  useful  both  as  an 
operational  guide  during  the  survey,  and  as  a  data  source  in  the 
post-survey  analysis.  This  application  has  since  been  exploited 
commercially  with  several  installations  now  being  available  in 
the  $40,000  to  $80,000  price  range. 

More  recently,  Wannamaker  (1984)  reported  on  analysis  of  the 
present  APT  data,  giving  examples  of  imagery  and  showing  a 
comparison  of  the  cloud  and  temperature  sensing  capabiliw  of 
the  APT  and  HRPT  products.  He  showed  the  example  in  Figure 
1  of  the  same  line  of  near  and  thermal  infrared  data  recorded 
from  the  APT  and  the  HRPT  channels  of  the  AVHRR.  The  line 
crosses  a  sun-glint  pattern  at  170  to  120km  along  track,  and  a 
narrow  cloud  streak  at  430km  that  is  partially  smoothed  in  the 
lower  resolution  APT  data.  Within  this  resolution  capability,  the 
two  results  agree  extremely  well.  Comparison  after  calibration 
showed  differences  of  0.3  degrees  in  sea  surface  temperature, 
and  of  0.1%  in  albedo. 


DISTANCE  ALONO  TRACK  (km) 


Figure  1.  A  comparison  of  a  line  of  HRPT  (heavy  line)  and 
APT  (light  line)  data,  showing  good  agreement 
between  results  from  the  two  data  streams  in  both 
near  (albedo)  and  thermal  (temperature)  infrared 
bands. 
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Figure  2.  Thermal  APT  image  collected  on  February  6  1989, 

showing  a  2000km  square  area  of  the  west  coast  of 
Canada  and  the  USA. 


APT  DATA  RECEPTION  AND  PROCESSING  ON  A 
PERSONAL  COMPUTER 

The  APT  signal  is  presently  received  through  a  circularly 
polarized  spiral  antenna  using  a  sii^le  commercial  preamplifier 
and  receiver  (Hamtronics  GaAsFET  preamplifier  model 
LMG144,  AOR  communications  receiver  model  AR2001).  This 
type  of  receiver  provides  a  lOOKHz  FM  bandwidth  at  the 
receiving  frequency  of  137MHz.  This  bandwidth  is  wider  than 
the  30KHz  optimum  required  to  cover  the  APT  signal  FM 
deviation  of±15KHz,  and  increases  the  sensitivity  of  the  system 
to  interfering  signals  which  are  a  common  problem  at  these 
(VHF)  freouencies.  The  narrower  bandwidth  setting  of  this 
receiver  (26KHz)  is  insufficient  to  cover  the  FM  deviation. 


Figure  3a.  Near  infrared  band  APT  image  collected  on  April  10 
1989. 


The  receiver  has  the  advantage  of  digital  local  oscillator 
synthesis  and  a  scanning  capability  which  allows  it  to 
automatically  search  among  the  several  frequencies  currently  in 
use  by  US  and  USSR  satellites.  Only  US  satellite  data  have  been 
used  so  far. 

The  output  from  the  receiver  is  an  amplitude  modulated  2.4KHz 
sub-carrier,  which  is  demodulated  and  digitized  by  a  video 
decoder  produced  by  Sea  Scan  in  Toronto,  Canada.  This 
digitizes  the  signal  to  10-bit  resolution  with  a  sampling  rate  of 
nominally  4.8^z.  The  output  is  made  available  through  an 
IEEE-488  standard  interface.  Doppler  shifts  due  to  the  relative 
motion  of  the  satellite  are  eliminated  from  the  data  stream.  The 
system  is  designed  to  continue  data  output  at  a  constant  rate 
(luring  interfering  noise  bursts. 

Image  data  from  the  decoder  are  stored  and  processed  on  a 
standard  PC/AT  computer  equipped  with  a  vOMbyte  hard  disk 
and  VGA  colour  and  black  and  white  display.  Each  image  scan¬ 
line  is  1200  pixels  long  by  10  bits  deep  in  two  bands.  A  tjpical 
satellite  pass  gives  about  750  scan-lines  of  dat^  making  a  total 
of  3.7  Mbytes  per  image. 

Custom  software,  written  in  the  compilable  "C  language,  has 
been  written  to  reduce  the  data  volume  by  extracting  smdler 
sub-areas  of  512  by  512  pixels.  The  software  also  reduces  the  10 
bits  of  data  to  8  using  a  piece-wise  linear  compression  which 
maintains  full  precision  over  a  limited  subset  of  the  data  range. 
A  variety  of  image  brightness  enhancements  are  provided  in 
black  and  white  and  colour. 

Calibration  of  the  data  is  possible  using  analog  calibration  step 
wedges  provided  in  both  tnermal  and  near  infrared  bands. 
Capability  for  this  is  currently  being  added  to  the  software. 


EXAMPLES  OF  IMAGE  DATA 

Figures  2  and  3  show  examples  of  512  by  512  pixel  images 
collected  with  the  present  system  and  extracted  fro  ’  '’e  full 
APT  images.  Figure  2  shows  a  cloud-frec  at  id  o'’  '"c 

Ocean  oft  Vancouver  Island  on  Februa-*  6 198' 
covered  by  the  image  is  about  2000kro .  tjuai  ’.  T  •  >  ; 

along-scan  averaging  applied  to  the  Af^  daa  rt  ’ 
distortion  charactenstic  of  uncorrected  AVrlRR 


Figure  3b.  Thermal  infrared  band  APT  image  collected  on 
April  10 1989,  at  the  same  time  as  Figure  3a. 


2465 


Figure  3  shows  images  in  both  near  and  thermal  infrared  taken 
on  April  10 1989.  Faint  periodic  patterns  visible  in  both  bands 
are  Se  to  interfering  signals  which  were  not  present  on  the 
February  image.  The  thermal  contrast  between  Juan  de  Fuca 
Strait  and  the  open  ocean  is  just  visible  in  this  image.  This  is 
expected  to  be  3-7C  at  this  time  of  year,  indicating  that  with  the 
resent  installation,  only  large  thermal  contrast  features  are 
eing  detected. 

On  all  these  images  the  rms  digital  ignal  variation  in  uniform 
areas  is  about  20rms  in  the  fullO  u  1023  range  of  the  digitized 
signal.  TTie  interfering  signal  causes  additional  oscillations  also 
of  20  digital  units  pe^  to  peak  range.  Since  the  temperature 
sensitivity  of  AVHRR  data  is  about  0.2C  per  digital  unit,  this 
noise  level  is  consistent  with  the  apparent  sensitivity  noted 
above. 

APT  data  is  capable  of  considerably  greater  temperature 
sensitivity.  We  are  presently  working  on  improving  our  system  to 
achieve  the  expected  level  of  0.5C. 


CONCLUSIONS 

Although  the  present  installation  is  still  in  the  development 
stage,  the  APT  imagery  from  the  NOAA  satellite  series  has 
proved  useful  for  momtoring  clear  sly  conditions  for  later 
ordering  of  more  sophisticated  satellite  image  data,  and  for 
demonstration  of  satellite  imaging  techniques.  The  system  is 
certainly  compact  and  simple  enough  for  ship-board  use. 
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ABSTRACT 

In  parts  of  the  world  which  are  often  cloud  or  haze  covered,  airborne  radar  offers  an 
attractive  alternative  to  conventional  aerial  photography  or  satellite  solutions  to  the 
problem  of  creating  topographic  mapping  products  at  scales  up  to  1:50,000.  The 
capability  to  derive  Digital  Terrain  Models  (DTMs)  and  rectifi^  images  using  digital 
data  from  STAR-1,  an  airborne  SAR,  has  been  previously  demonstrated.  In  that  work, 
however,  a  relatively  large  number  of  ground  control  points  (GCPs)  were  incorporated 
into  the  process  in  order  to  counter  the  effects  created  by  aircraft  motion  with  respect  to 
the  mean  flightpath. 

in  regions  where  this  new  technique  is  most  needed,  GCP's  usually  do  not  exist,  and 
are  very  expensive  to  create.  The  solution  to  this  dilemma  has  been  to  incorporate  a 
more  precise  navigation  system  into  the  acquisition  and  subsequent  processing  phase. 

In  this  paper,  we  report  on  the  general  methods  and  results  of  this  approach. 

A  test  was  performed  in  the  Brazeau  area  of  Alberta,  using  INTERA's  STAR-2 
airborne  SAR.  A  Global  Positioning  System  (GPS)  was  used  in  differential  mode  to 
provide  three-dimensional  positioning  of  the  aircraft  at  1.2  second  intervals.  GPS  data 
were  logged  onto  a  lap-top  computer,  with  timing  markers  used  to  approximately 
synchronize  the  GPS  and  radar  data  streams.  Algorithms  were  developed  and  coded  to 
enable  the  radar  image  pixels  to  be  geo-referenced,  based  upon  the  GPS  derived  aircraft 
location,  the  radar  geometry,  and  the  radar  processor  response  characteristics. 

Internal  consistency  checks  of  the  stereo  pairs  gave  RMS  errors  in  the  horizontal  of  less 
than  20  meters  (RMS).  On  the  other  hand,  vertical  accuracy  was  about  60  meters 
(RMS),  which  is  double  the  error  achieved  in  earlier  STAR-1  tests.  This  was  due  to 
sub-optimal  geometry  for  the  test  configuration,  and  limitations  in  the  GPS  accuracy. 

It  is  noted  that  these  limiting  factors  will  not  preclude  considerably  better  vertical  results 
being  achieved  in  ture  work.  It  is  concluded  that,  with  certain  qualifications,  GPS 
supplemented  airbonc  SAR,  flown  in  stereo  mode  is  a  viable  method  for  obtaining 
topographic  map  products  at  scales  of  1 :50,(XX)  and  smaller. 
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ABSXBACT 

A  coherent  SAR  (synthetic  aperture  radar  I  simulation  model  using  DTMs 
(digital  terrain  models)  has  been  developed  and  implemented  on  h  digital 
computer.  In  this  approach,  a  set  of  discrete  scattering  centers  are  draped 
over  a  DTM.  The  DTM  provides  both  the  topography  and  access  to  a 
scattering  model.  The  scattering  centers  provide  the  phase  coherence  and 
lead  to  a  speckle  model.  They  also  provide  a  mechanism  for  exploring 
different  scattering  models. 

The  inputs  to  the  SAR  simulation  computer  program  are  1)  a  DT.M,  2) 
a  scattering  model,  and  3)  a  sensor  model.  The  program  provides  a  coherent 
SAR  signal  data  stream  as  it*s  output. 

The  simulation  approach  treats  the  incorporation  of  various  scattering 
models,  from  purely  specular  to  purely  diffuse.  The  work  reported  illustrates 
that  such  a  simulation  approach  is  valuable  for  understanding  and  insight 
into  SAR  terrain  imaging. 
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AinXJMATED  STEREO  MATCHING  USING  INTELLIGENT 
INTERPOLATION  IN  DIFHCULTTO  MATCH  REGIONS 
By 

James  P.  Strong^ 

H.  K.  Ramapriyan  1 
and 

William  P.Haynes^ 

The  Shuttle  Imaging  Radar-B  (SIR-B)  experiment  flown  in  October,  1984  provided 
the  fiist  opportunity  to  examine  synthetic  aperture  radar  (SAR)  images  of  a  particular  area 
taken  at  multiple  incidence  angles.  It  also  provided  the  first  opportunity  to  use  such 
images  as  stereo  pairs  from  which  elevation  information  could  be  derived.  Analysis  of 
various  stereo  pairs  from  this  experiment  have  shown  that  based  on  the  accuracy  of  the 
knowledge  of  the  orbit  parameters,  elevations  can  be  determined  to  within  80  meters 
assuming  a  perfect  match  of  corresponding  pixels  in  the  pair. 

To  make  use  of  such  imagery  on  an  operational  basis,  however,  an  automated 
technique  for  the  matching  of  corresponding  pixels  (stereo  matching)  must  be  developed. 
One  of  the  most  promising  techniques  for  stereo  matching  is  the  Hierarchical  Warp  Stereo 
algorithm  which  starts  with  low  resolution  versions  of  the  images  and  performs  the 
matching  at  increasing  resolutions.  At  each  step,  one  image  is  "war^"  corresponding  to 
the  disparity  measured  so  far  and  used  as  input  for  the  next  step.  This  algorithm  is 
computationally  expensive  but  well  matched  to  massively  parallel  architectures.  A  similar 
algorithm  has  been  implemented  on  the  Massively  Parallel  Processor  (MPP)  at  the 
Goddard  Space  Flight  Center  which  performs  this  task  on  every  pixel  in  a  512  x  512 
image  in  less  than  one  minute.  The  major  problem  with  applying  this  technique  to  SAR 
stereo  pairs  is  the  fact  that  they  are  typictdly  noisy,  often  have  high  relative  distortion 
between  one  another,  and  have  areas  of  low  contrast.  All  of  these  effects  lead  to  a  low 
probability  of  obtaining  an  accurate  match. 

This  paper  describes  the  hierarchical  stereo  matching  algorithm  implemented  on  the 
MPP  and  an  inteipolation  process  which  "intelligently"  interpolates  the  disparity  in  areas 
where  the  match  is  likely  to  be  inaccurate.  The  stereo  matching  algorithm  outputs  a 
"match  score"  function  as  well  as  the  disparity  function  at  every  pixel  in  the  image.  The 
match  score  function  is  based  on  the  input  image  contrast  and  the  shape  of  a  correlation 
function  computed  during  the  matching  process.  (A  high  peak  indicates  a  good  match. 
Multiple  high  peaks  or  low  valued  peaks  indicate  a  poor  match.)  The  match  score 
function  is  input  along  with  the  disparity  function  to  a  multi-grid  relaxation  interpolation 
algorithm.  This  algorithm  produces  a  new  disparity  function  which  progresses  from  the 
ori^nal  disparity  values  in  regions  where  the  match  score  is  high  to  interpolated  values 
(with  constraint  change  in  the  local  gradient)  in  areas  where  the  match  score  is  low. 
The  match  score  acts  as  a  weighting  function  to  control  the  degree  of  interpolation.  Thus 
this  algorithm  produces  the  disparity  function  over  the  entire  image  with  high  confidence 
at  regions  where  matching  is  easy  and  an  "intelligent"  approximation  of  the  disparity 
where  the  matching  is  difficult. 

ICode  636,  Goddard  Space  Flight  Center,  Greenbelt,  MD  20771 
2sT  Systems  Corporation,  4400  Forbes  Blvd.,  Lanham,  MD  20706 
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EFFECTS  OF  SPECKLE  AND  ADDITIVE  NOISE  ON  THE  ALTIMETMC  RESOLUTION 
OF  INTERFEROMETRIC  SAR  (ISAR)  SURVEYS 


C.  Prati',  F.  Rocca  and  A.  Monti  Guarnieri 

*  CSTS-CNR  -  Dip.  di  Elettronica  -  Politecnico  di  Milano 
Dip.  di  Elettronica  -  Politecnico  di  Milano  -  Piazza  L.  da  Vinci  32  -  20133  Milano  -  Italy 
Fax  n.:  (+39)2  -  23993587 


Keywords:  SAR,  interferometry,  digital  elevation  map,  motion 
detection. 

Abstract 

In  Synthetic  Aperture  Radar  interferometry,  the  altimetric  infor¬ 
mation  of  the  terrain  can  be  obtained  from  the  phase  difference  of 
two  focused  complex  images.  These  images  can  be  gathered  by  the 
same  sensor  in  two  passes  along  different  orbits  or  by  two  sensors 
mounted  on  the  same  platform.  The  altimetric  resolution  of  such  a 
system  improves  when  the  sensors  displacement  is  increased  in  the 
cross-track  direction.  The  maximum  allowed  displacement,  limited 
by  speckle  noise,  increases  with  the  spatial  resolution  of  the  SAR 
image.  Excluding  the  additive  noise,  we  show  that  the  achievable 
vertical  resolution  is  better  than  the  slant  range  resolution  by  a  fac¬ 
tor  of  co3a/2v'^,  where  a  is  the  off-nadir  angle.  As  an  example, 
an  altimetric  map  of  the  Panamint  Valley  area  is  calculated  using 
repeated  passes  of  the  SBASAT  satellite.  The  effect  of  the  additive 
noise  is  visible  only  whe.T  the  cross-  track  distance  of  the  two  orbits  is 
low.  If  airborne  ISAR  images  are  considered,  the  obtained  terrain  el¬ 
evation  map  are  strongly  affected  by  altitude  and  attitude  variations 
of  the  platform.  Thus,  if  a  priori  information  on  the  terrain  eleva¬ 
tion  is  available,  interference  fringes  can  be  exploited  to  estimate  the 
platform  motion.  Interferometric  SAR  data  collected  by  the  NASA 
DC-8  Airplane  (courtesy  of  JPL)  have  been  used  to  get  experimental 
results. 

1  Introduction 

Single  SAR  images  do  not  carry  information  on  the  terrain  elevation 
|l|.  SAR  interferometry,  on  the  contrary,  allows  to  derive  altimetric 
information  exploiting  the  phase  of  focused  images  gathered  in  multi¬ 
ple  satellite  passes  or  in  a  single  pass  of  a  platform  with  two  antennas 
(i.e.  airborne  interferometry)  |2,3,'l].  The  construction  of  an  altitude 
map  with  this  technique  can  be  carried  out  in  three  steps.  First, 
accurate  focusing  and  registration  of  the  compLx  SAR  images  is  per¬ 
formed  (6).  An  incorrect  alignment  as  well  as  an  image  defocusing 
have  a  great  influence  on  the  quality  of  the  final  result.  The  second 
step  consists  of  the  evaluation  of  the  phases  of  etich  picture  elements. 
A  map  of  the  phase  differences  between  the  same  complex  pixel  in 
the  two  images  (interference  fringes),  which  are  related  to  the  picture 
elements  elevation,  is  constructed.  Its  values,  however,  are  limited  to 
the  range  -x  and  +x  and  they  must  be  unwrapped.  The  last  step  has 
a  great  influence  on  the  choice  of  the  system  parameters.  In  fact  the 
parallax  angle  between  the  two  passes  must  be  small  enough  so  that 
the  interference  fringes  frequency  does  not  exceed  half  the  range  sam¬ 
pling  frequency.  Within  the  above  said  limit,  however,  the  greater  is 


the  parallax  angle  the  greater  the  altimetric  resolution.  This  depends 
both  on  the  presence  of  speckle  and  additive  noise.  The  first  one  is 
almost  independent  from  the  sensors  baseline.  The  additive  noise,  on 
the  contrary,  has  more  influence  on  the  closer  sensors  combination. 
Experimental  results  ate  in  good  agreement  with  the  theory.  These 
have  been  carried  out  by  using  both  SAR  raw  data  of  three  orbits  of 
the  SEASAT  satellite  over  the  Panamint  Valley  ares  and  JPL  DC-8 
airborne  data  recorded  over  Ventura  -Los  Angeles-  (courtesy  of  JPL). 

2  Interference  fringes  generation 

Interferometric  phase  images  can  be  generated  in  three  steps:  data 
focusing,  images  registration  and  phase  unwrapping. 

2.1  Raw  data  focusing 

SAR  data  have  been  focused  through  wave  migration  techniques  [5,6]. 
Mam  advantages  of  the  ’frequency-wave  number’  algorithm  with  re¬ 
spect  to  conventional  ones  are; 

i  -  high  precision:  the  ’f-k’  algorithm  is  substantially  exeuit. 

ii  -  High  computational  efficiency  and  implementation  simplicity, 
the  operations  to  perform  are  a  2-D  FFT,  two  complex  multiplies  pet 
sample  and  a  2-D  inverse  FFT. 

iii  -  No  parameters  updating  with  range  is  needed. 

2.2  Images  registration 

Interference  fringes  result  from  the  multiplication  of  pixels  of  the  first 
focused  image  times  the  complex  conjugate  of  the  correspondent  ones 
in  the  second  image.  Thus,  focused  complex  images  have  to  be  accu¬ 
rately  aligned  to  maximize  the  signal  to  noise  ratio  of  the  interference 
fringes  (7).  To  do  that,  the  two  complex  images  are  oversampled  by 
an  FFT  interpolation  (8  :  1).  Then,  5  areas  100  by  100  pixels  wide 
(located  on  the  four  corners  of  the  image  and  one  near  the  center)  are 
used  to  identify  the  relative  shift  between  the  two  images  (in  range 
and  azimuth),  in  order  to  maximize  the  contrast  of  the  interference 
fringes  of  these  areas.  Finally,  the  proper  relative  shift  of  eetch  pixel  is 
computed  using  a  bi-linear  interpolation  of  the  shift  values  obtained 
in  the  previous  step 

2.3  Phase  unwrapping 

Interference  fringes  images  represent  the  principal  values  (in  the  range 
-X,  x)  of  the  phase  of  the  ISAR  image.  Thus,  to  recover  the  terrain 
elevation,  these  phase  images  must  be  unwrapped.  To  do  this,  we 
must  assume  that  the  variation  of  the  terrain  elevation  between  adja¬ 
cent  picture  elements,  added  to  the  unavoidable  noise,  is  not  so  high 
to  produce  phase  variations  greater  than  x.  The  phase  unwrapping. 
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then,  can  be  easily  carried  out  by  integrating,  along  an  arbitrary  path, 
the  phase  differences  between  adjacent  pixels.  Whenever  the  phase 
difference  is  lower  than  -  x  or  greater  than  x  then  2x  is  added  or  sub. 
tracted.  With  real  data,  the  phase  difference  between  adjacent  points 
can  be  greater  than  x  because  of  two  distinct  effects:  loss  of  coher¬ 
ence  or  phase  aliasing.  Thus,  a  more  sophisticated  technique  must  be 
adopted.  First,  the  areas  that  do  not  satisfy  the  above  said  condi¬ 
tion  are  identified.  Then,  the  standard  procedure  is  applied  along  an 
integration  path  that  does  not  cross  these  areas  [8|. 

3  Effects  of  the  finite  range  resolution 

The  finite  slant  range  resolution,  Lr,  (approx.  7m  for  the  SBASAT 
SAR)  is  a  fundamental  parameter  in  ISAR  images  In  fact,  the 
two  measured  fields  would  be  coherent  everywhere  (isotropic  emis¬ 
sion  from  the  scatterer),  only  if  the  elementary  scatterers  were  really 
"point  scatterers” .  In  practice  this  is  not  the  case,  since  the  elemen¬ 
tary  cell  is  characterized  by  a  finite  extension  dependent  on  the  range 
resolution.  This  cell  acts  as  an  antenna  with  a  finite  width  [7|  and 
therefore  coherence  between  the  two  images  is  obtained  only  if  the 
two  satellites  are  within  the  beam  of  the  antenna  corresponding  to 
the  cell,  that  is,  within  an  angle  proportional  to  the  slant  range  res¬ 
olution  Lr.  Further,  the  ground  resolution,  L,  or  distance  between  the 
closest  distinguishable  points,  also  depends  upon  the  terrain  slope,  0, 
and  the  off-nadir  angle,  a,  as: 


Our  goal  is  the  measurement  of  np.  Assuming  that  the  reflectivity 
IS  uniformly  distributed  within  the  ground  resolution  cell,  the  expres¬ 
sion  of  the  Root  Mean  Square  value  of  the  error  on  the  measure  of  rip 
holds  if  the  approximation  is  made  that  7  'C  A/(2xnp). 


To  get  this  expression,  consistently  with  the  previous  assumption, 
we  have  estimated  the  ratio  between  the  reflectivity  and  its  derivative 
with  respect  to  a  as 


(5) 


Finally,  the  following  expression  of  the  altitude  noise  due  to  speckle 
holds: 


\/rij=  y^sinor  = 


L  sin  Or  cos  g' 
2x/2x  . 


Lr cos  a 
5.01 


(6) 


Note  that  the  value  of  \f  nj[  depends  only  on  the  slant  range  res¬ 
olution  and  on  the  cosine  of  the  off-nadir  angle:  the  greater  the  slant 
range  resolution  and  the  off-na'dir  angle  the  greater  the  altitude  res¬ 
olution.  For  the  SBASAT  the  altitude  resolution  limit  is  about  1.2 
meters.  This  could  vastly  improve  if  the  reflectivity  is  concentrated 
to  a  single  point  of  the  cell  (corner  reflector). 


L=- 


Lr 


sin(a  - 

The  ground  resolution  L  can  be  then  regarded  as  providing  the 
width  of  an  equivalent  antenna  with  an  aperture  angle  /3  =  X/L  (A 
is  the  transmitted  wave  length).  This  antenna  generates  a  "celestial 
footprint”  |7j  at  the  satellite’s  distance,  h,  whose  linear  apeiture  is 
0h,  In  the  case  of  SBASAT  SAR  images,  for  example,  the  angular 
aperture  of  the  "celestial  footprint”  for  a  flat  terrain  is  about  75 
degrees  and  its  linear  aperture  about  lOffm.  For  the  flat  terrain  in 
this  example,  the  normal  displacement  of  the  two  satellites  n,  must 
be  smaller  than  5Km.  In  the  case  of  an  earth  surface  dipping  towards 
the  satellite,  the  ground  antenna  length  increases,  and  the  celestial 
footprint  shrinks.  The  opposite  happens  when  the  surface  is  dipping 
in  the  opposite  direction. 


4  Limits  to  the  altitude  resolution 


4.2  Effect  of  the  additive  noise 

The  second  noise  term  is  due  to  additive  noises  on  the  measurements 
of  £i  and  ij.  Then,  by  defining  the  "celestial  footprint”  of  the  ground 
resolution  cell  as: 


F  =  h,- 


(7) 


Lcosg 

it  can  be  shown  that  the  following  expression  of  the  RMS  value  of 
altitude  noise  due  to  additive  noise  holds: 


i  sing  COSO  /F 
v/27n7“V2 


(8) 


where  p  is  the  noise  to  signal  power  ratio  This  term  depends  on 
the  ratio  between  the  celestial  footprint  and  the  sensors’  baseline  n,. 

Taking  advantage  of  equations  8  and  6,  we  find  that  the  ratio 
between  the  effects  of  the  additive  and  speckle  noise  is:  . 


The  determination  of  the  altitude  resolution  depends  both  on  the 
presence  of  speckle  [1]  and  additive  noise.  The  first  one  is  almost 
independent  from  the  sensors  baseline.  The  additive  noise,  on  the 
contrary  has  more  influence  on  the  closer  sensors  combination. 

4.1  Effect  of  the  speckle  noise 


2f  =  v/2^-  (9) 

nl  n. 

For  the  SBASAT  cases  examined  in  this  paper,  it  can  be  noted 
that  the  second  noise  term  equals  the  speckle  one  if  the  signal  to  noise 
ratio  is  22.7dB  and  43dB  respectively  for  the  far  and  close  orbits. 


The  reflectivity  of  a  pixel  of  the  focused  complex  images  measured  by 
the  two  satellites  at  distance  h  from  the  target  can  be  represented  as: 

^  ^fg+^)  ,  respectively.  In  these  expressions  the  nominal 
off-nadir  angle  has  been  indicated  with  a  and  its  variation  with  the 
distance  of  the  orbits,  n,,  as  7  =  n,/h.  The  phase  variations,  Atp 
of  the  ISAR  image  with  respect  to  the  scatterer  displacement  normal 
to  the  slant  range  direction  np  can  be  expressed  as  a  function  of  the 
angle  7  and  of  the  wavelength  A:  A0  =  4x7np/A. 

Thus,  neglecting  the  random  additive  noise  ,  the  two  complex 
values  of  the  same  focused  pixel  in  the  two  images  are: 


and 


II 

(2) 

ij  =  A  ^g  +  ^ 

gjJv7n,/A 

(3) 

4.3  Experimental  results 

The  effect  of  the  additive  noise  on  the  altitude  resolution  is  clearly 
visible  in  the  following  experimental  results.  Three  repeated  passes 
of  the  SBASAT  satellite  over  the  Panamint  Valley  area  have  been 
exploited  to  generate  two  ISAR  images  whose  baselines  where  respec¬ 
tively  99  and  1030  meters.  A  small  area  (3x6  Km)  of  Panamint 

that  area  has  been  constructed  by  exploiting  the  interference  fringes 
obtained  both  from  the  closer  and  the  far  orbits.  The  results  are 
shown  in  figures  1  and  2  respectively.  A  comparison  between  figure  1 
and  2  shows  that  the  first  map  is  much  more  affected  by  the  additive 
noise  than  the  second  one.  The  altitude  resolution  can  be  estimated 
by  comparing  the  two  images  (no  Digital  Terrain  Map  of  that  area 
was  available  to  us).  A  low-pass  filtered  replica  of  the  higher  altitude 
resolution  image,  1,  served  as  the  estimate  of  the  true  altitude  map. 
Then,  the  difference  between  this  map  and  the  low  altitude  resolution 
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Figure  1;  'Wdimensional  plot  of  the  altitude  map  derived  from  the 
closer  orbits  combination. 

one  (figure  2),  represents  the  estimate  of  the  noise.  For  the  altitude 
map  of  figure  1  the  estimated  RMS  value  is  about  32  meters  and  for 
that  of  figure  2  it  is  about  3.1  meters.  Exploiting  equation  9  it  is  easy 
to  verify  that  these  values  imply  a  Signal  to  Noise  Ratio  (SNR)  1/p  of 
about  14dB.  Thus,  from  equation  9,  we  can  compute  the  baseline  for 
which  the  RMS  value  of  the  additive  noise  equals  that  of  the  speckle. 
Its  length  is  about  2820  meters.  This  value  can  be  regarded  as  the 
largest  baseline  useful  to  increase  the  altitude  resolution.  In  fact,  over 
this  value,  we  would  see  a  greater  quantity  of  speckle  noise,  while  the 
additive  noise  contribution  would  become  more  and  more  negligible. 

5  NASA  DC-8  ISAR  images 

ISAR  data  collected  by  the  NASA  DC-8  Airplane  have  been  used 
to  derive  experimental  results  (courtesy  of  JPL).  Raw  Airplane  SAR 
data  have  been  focused  and,  after  a  proper  images  registration,  inter¬ 
ference  phase  images  have  been  obtained  (see  figure  3).  In  this  case, 
however,  the  obtained  terrain  elevation  map  was  clearly  in  contrast 
with  the  real  situation  due  to  the  altitude  and  attitude  variation  of  the 
airplane.  Since  the  observed  area  was  almost  flat,  interference  fringes 
images  have  been  exploited  to  estimate  the  platform  motion.  Thus  a 
model  of  the  sensing  system  has  been  identified,  and  four  parameters 
that  allowed  the  best  fit  with  the  experimental  data  have  been  esti¬ 
mated  range  line  by  range  line.  The  set  of  the  estimated  parameters 
consists  of  two  angles  which  characterize  the  airplane  attitude  (pitch, 
roll),  the  airplane  altitude  and  the  antennas  off-nadir  angle.  The 
obtained  results  are  in  good  agreement  with  the  on-board  measured 
parameters.  However,  the  noise  superimposed  to  these  Interferomet¬ 
ric  SAR  data  was  too  high  to  allow  results  better  than  conventional 
techniques  using  one  range  line  at  a  time.  Thus,  a  simple  low-pass 
filter  (with  a  cut-off  frequency  of  1/3  of  Nyquist)  has  been  applied 
to  the  unwrapped  phases  in  the  azimuth  direction.  Figure  f  shows 
the  unwrapped  phases  at  a  fixed  azimuth  superimposed  to  the  best 
fitting  theoretical  curve.  The  RMS  value  of  the  differences  is  about 
.1  radians.  Better  results  could  be  got  using  a  dynamic  model  for 
the  airplane  and  then  a  Kalman  filter.  Nonetheless,  it  has  been  es¬ 
timated  that  if  a  larger  antennas  baseline  was  adopted  (the  actual 
baseline  was  of  only  50cm),  and  corner  reflectors  were  exploited,  the 
measured  accuracy  would  have  a  great  improvement.  As  an  example, 
the  airplane  altitude  could  be  measured  with  a  precision  better  than 
1  meter  (over  8500)  instead  of  30  as  it  is  now.  On  the  other  hand,  we 
have  already  measured  the  roll  angle  with  a  precision  better  than  .05 
degrees.  As  an  example  figure  5  shows  the  measured  roll  angle  com¬ 
pared  with  data  recorded  on  the  GOT  header  (note  the  delay  between 
the  two  curves). 


Figure  2:  Tridimensional  plot  of  the  altitude  map  derived  from  the 
far  orbits  combination. 


Figure  3.  Interference  fringes  of  the  area  of  Ventura  (Los  Angeles) 
as  seen  from  the  NASA  DC-8  (C  Band).  Sampling!  6  by  6  meters 
approx.  Dimensions:  3  by  3  Km  approx. 


Figure  4.  a  -  Unwrapped  phases  at  a  constant  azimuth  after  18m 
averaging,  b  -  Best  fitting  theoretical  curve. 
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7  Conclusions 

In  this  psper  the  limits  to  the  resolution  of  elevation  maps  from  SAR 
interferometry  have  been  discussed  both  from  theoretical  and  exper¬ 
imental  points  of  view.  It  is  reported  that  the  altitude  resolution 
depends  both  on  speckle  and  additive  noise.  Speckle  noise  is,  in  a 
first  approximation,  almost  independent  from  the  orbits  distance:  it 
depends  only  on  the  slant  range  resolution.  Additive  noise,  on  the 
contrary,  has  more  influence  when  the  orbits  are  closer.  By  taking 
advantage  of  these  theoretical  results,  the  altitude  resolution  of  the 
elevation  maps  is  estimated.  The  results  of  this  work  could  be  useful 
to  define  the  system  parameters  of  future  interferometric  SAR  mis¬ 
sions.  The  use  of  corner  reflectors  could  vastly  improve  the  precision 
of  the  results.  Another  possible  use  of  ISAR  that  has  been  discussed 
is  the  estimation  of  the  motion  of  the  platform. 


Figure  5:  a  -  ISAR  measured  roll  angle  versus  azimuth.  Each  point 
of  this  plot  derives  from  the  parameters  set  which  produces  the  best 
fitting  curve  of  figure  4.  b  Roll  angles  recorded  on  the  CCT  header 

6  SAR  geodesy  using  corner  reflectors?  A 
discussion 

The  previous  analyses  show  that,  if  we  had  corner  reflectors  on  the 
earth’s  surface,  SAR  interferometry  would  vastly  improve  for  two  rea¬ 
sons: 

a)  the  aperture  angle  of  the  antenna  corresponding  to  the  cor¬ 
ner  reflector  can  be  much  wider  than  that  of  the  onboard  transmit¬ 
ter/receiver,  so  that  we  could  guarantee  that  the  image  of  the  reflector 
on  the  surface  is  phase  coherent,  whenever  in  sight  of  the  platform. 
In  the  processing  phase,  it  would  be  possible  to  correct  for  the  phase 
shifts  induced  by  different  incidence  angles  of  the  radiation.  Then, 
it  would  be  possible  to  achieve  complete  stigmaticity,  i.e.  to  sim¬ 
ulate  a  pointwisc  reflector,  notwithstanding  the  finite  reflectivity  of 
the  terrain  surrounding  the  reflector  and  the  phase  rotations  due  to 
the  antenna. 

b)  the  signal  to  noise  ratio  for  the  reflection  would  be  much  higher, 
and  therefore  the  dispersion  of  the  measured  phases  would  be  smaller. 
This  dispersion  would  depend  on  the  dimension  of  the  corner  reflectors 
and  could  decrease  further  in  the  case  of  active  transponders.  In  that 
case,  however,  the  improvements  in  the  SNR  could  be  more  than 
offset  by  the  incertitude  of  the  delay  time.  Suppose  now  that  we 
had  a  network  of  corner  reflectors  whose  relative  positions  had  been 
measured  once  by  means  of  laser  rariging,  GPS,  etc.  with  such  a 
precision  that  aliases  due  to  wavelength  errors  were  avoided.  This 
network  could  be  used  for  two  (three)  purposes: 

1)  to  measure  accurately  the  motion  parameters.  The  network 
would  act  as  a  very  large  antenna; 

2)  to  measure  the  relative  motion  of  the  reflectors  in  the  radial 
direction; 

(3)  to  try  to  measure  the  relative  motion  in  the  tangential  direction 
by  locating  the  positions  of  the  maxima  of  the  return  and  not  their 
phases  only. 

At  each  pass,  the  platform  would  monitor  the  variations  of  the 
phases  of  returns  from  the  corner  reflectors.  After  proper  phase  un¬ 
wrapping,  regressions  could  be  made  to  estimate  the  motion  param¬ 
eters,  to  compensate  for  weather  conditions  and  drifts  of  the  local 
oscillator,  and  then  to  evaluate  global  motion  parameters  like  motion 
of  landslides,  tectonic  plates,  etc.  The  density  of  the  corner  reflectors 
could  increase  in  the  areas  of  interest,  say  across  a  fault,  or  to  moni¬ 
tor  local  earth’s  motions.  One  satellite  like  ERS-1  could  monitor  the 
variations  of  these  distances  with  time  at  e!u:h  pass,  say  once  every 
19  days.  It  is  important  to  remark  again  that  using  corner  reflectors 
there  is  no  need  for  orbit  coherence,  even  if  it  would  be  a  good  thing 
to  have. 
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ABSTRACT 

This  paper  discusses  a  procedure  for  high  precision  geocoding  of 
spacebome  SAR  images.  The  algorithm  described  is  based  on  a 
range-doppler  approach,  considering  each  individual  image  pixel 
location  and  its  height  dependent  doppler  frequency  shift,  user 
selected  map  projections  and  their  particular  geodetic  datum.  The 
flexibility  of  the  procedure  easily  permits  the  generation  of  layover 
and  shadow  masks  and  the  computation  of  auxiliary  geometric  data 
such  as  local  resolution  or  local  incidence  angle  in  order  to  support 
the  user  in  the  complex  procedure  of  SAR  image  analysis. 

With  the  achieved  accuracy  between  20  m  and  30  m  for  Seasat  and 
SIR-B  image  data  the  possibility  to  generate  multiframe  mosaics  is 
given,  no  geometric  boundary  discrepancies  do  exist.  Therefore, 
accurate  radar  image  maps  of  extended  areas  can  be  produced. 

Keywords;  SAR-Geocoding,  Range-Doppler  Approach,  Map 
Projections,  Geodetic  Datums,  Value  Added  Products,  Multiframe 
Mosaics 


1.  INTRODUCTION 

To  improve  the  usefulness  of  Synthetic  Aperture  Radar  (SAR)  ima¬ 
ges  tlieir  inherent  geometric  distortions  must  be  eliminated  in  order  to 
achieve  a  radar  ortho-image  that  corresponds  to  a  well  defined  map 
projection  as  it  is  used  by  the  national  surveys.  It  is  quite  obvious  that 
a  successful  removal  of  these  distortions  requires  an  approach  that 
interfaces  directly  with  the  image  processor  and  that  treats  sensor  and 
processor  as  a  system,  i.e.  a  range-doppler  approach  (Curlander, 
1984).  Kwok  et  al.  (1987)  developed  a  rectification  procedure  based 
on  that  approach  for  computing  pixel  positions  on  the  geoid.  After¬ 
wards  the  height  dependent  location  errors  in  range  direction  have 
been  eliminated  by  means  of  DEMs.  Accordingly,  relief  inherent  azi¬ 
muth  shifts  are  not  considered.  Intending  to  Ineiease  the  throughput 
of  geocoded  images  several  simplifications  have  been  made  (Curlan¬ 
der  1986).  Unfortunately,  a  better  throughput  decreases  the  accuracy. 


The  rectification  procedure  described  in  this  paper  is  based  on  the 
range-doppler  approach.  Because  the  shape  of  the  earth  (i.e.  relief) 
can  not  be  described  precisely  enough  with  ellipsoid  or  geoid 
equations,  DEMs  exclusively  have  been  used  to  describe  the  earth's 
surface.  The  range-doppler  approach  was  applied  to  each  DEM  cell  in 
order  to  be  able  to  consider  the  reliefs  influence  on  both  pulse  transit 
time  as  well  as  individual  doppler  frequency  shift.  A  pixel-wise 
processing  consumes  a  considerable  amount  of  computing  time  but  it 
guarantees  a  constant  and  high  accuracy  over  the  entire  image. 


2.  GEOCODING  WITH  TERRAIN  CORRECTION 

A  precise  geocoding  of  SAR  images  requires  an  approach  that  recon¬ 
structs  the  sensor-processor  system.  For  such  rectification  procedu¬ 
res  the  so  called  range-doppler  approach  is  used.  Because  the  relief 
has  a  great  influence  upon  the  doppler  this  range-doppler  approach 
has  to  be  applied  to  each  backscatter  element.  This  chapter  shall 
demonstrate  the  requirement  of  a  rigorous  doppler  approach.  Further, 
the  different  coordinate  systems  that  have  to  be  taken  into  account 
when  geocoding  and  the  rectification  procedure  itself  will  be  outlined. 

2.1  Rigorous  Doppler  Approach 

Variations  in  topography  primarily  cause  distortions  in  range 
direction  such  foreshortening  and  layover.  But  they  also  affect  the 
radial  velocity  Vj^  between  sensor  and  backscatter  element  and 
therefore  have  an  influence  upon  the  geometry  in  azimuth  direction. 

Fig.  1  shows  an  extreme  foreshortening  situation.  In  spite  of  a  great 
horizontal  and  vertical  distance  between  the  backscatter  elements  P, 
and  P2on  earth  in  the  slant  range  image  the  points  of  Pj  and  Pj  are 
very  close  to  each  other  because  their  range  is  fairly  identical.  They 
do  lie  in  the  same  range  segment  and  are  therefore  processed  with  the 
same  azimuth  reference  function.  The  velocities  Vpj  and  Vp2  of  the 
two  points  do  hardly  differ  but  the  difference  in  their  radial  velocity 
vj^  is  considerable.  With  AH  =  1000  m  on  46®  N  lat.  a  difference  in 
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the  radial  velocities  of  about  Im/s  results.  For  Seasat  SAR  on  an 
ascending  orbit  this  is  equivalent  to  a  doppler  shift  of  about  8Hz.  The 
azimuth  reference  function  used  in  that  particular  range  segment  for 
the  compression  of  both  backscatter  elements  can  not  be  trimmed  for 
both  frequencies.  At  least  one  of  the  points  will  be  compressed  witli  a 
doppler  reference  that  does  not  correspond  to  the  ideal  input  signd  of 
the  antenna's  center.  Thus  the  particular  backscatter  element  will  be 
out  of  focus  and  a  reduedon  of  the  signal  to  noise  ratio  will  result. 


Figure  1 .  Effect  of  height  differences  on  the  radial  velocity  vi 

A  further  and  far  more  important  consequence  is  that  due  to  the 
compression  of  a  signal,  which  is  backscattered  from  a  point  beside 
the  antenna  axis,  the  corresponding  image  point  will  lie  at  a  wrong 
azimuth  coordinate,  an  azimuth  shift  results.  Tab.  1  shows  a  numeri¬ 
cal  example.  The  values  were  computed  with  ficdtious  backscatter 
elements.  The  equadons  used  are  explained  in  section  2.3.  For  one 
point  on  sea  level  in  near  range  and  one  in  far  range  the  doppler 
frequency  shift  fp  for  a  squint  angle  of  0®  was  computed.  If  fp  is  used 
as  doppler  centroid  f^  for  the  azimuth  compression,  backscatter 
elements  above  sea  level  are  shifted  in  azimuth  direcdon.  The  azimuth 
shift  has  its  maximum  at  near  range  and  slightly  decreases  towards 
far  range.  These  considerations  make  it  obvious  that  for  high 
precision  geocoding  the  doppler  approach  has  to  be  applied 
rigorously,  i.e.  for  every  single  backscatter  element. 
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2,2  Geodetic  Reference  Systems 

For  an  unsupervised  geocoding,  i.e.  a  rectification  technique  that 
does  not  require  ground  control  points  (Meier,  1989),  it  is  necessary 
to  precisely  formulate  the  spatial  relationship  between  the  sensor 
position  during  data  acquisition  and  the  backscatter  element.  There¬ 
fore  information  about  the  used  reference  systems  is  required. 

The  satellite's  ephemeris  data  are  given  in  an  earth-centered  inertial 
coordinate  system  that  has  reference  to  a  satellite  datum  such  as  the 
WGS  72  or  WGS  84  (World  Geodetic  System)  or  GRS  80  (Global 
Reference  System).  The  coordinate  origin  of  these  systems  is 
intended  to  be  the  earth's  center  of  mass,  the  geocenter. 

The  position  coordinates  of  the  backscatter  elements  e.g.  DEM  cells 
are  usally  based  on  topographic  maps.  For  that  reason  and  for  the 
final  representation  of  the  geocoded  image  the  mapping  equations  and 
constants  must  be  available.  Basically  there  are  only  four  projection 
.  types  among  topographic  maps  (Transverse  and  Oblique  Mercator, 
Lambert  Conformal  Conic  and  Polar  Stereographic)  (Graf,  1988).  It 
therefore  seems  realistic  to  present  the  geocoded  image  in  the  map 
projecdon  selected  by  the  user.  The  reference  system  for  positions  on 
topographic  maps  is  an  oblate  ellipsoid.  Unfortunately  different 
countries  use  different  reference  ellipsoids.  They  have  their  own  local 
geodetic  datum  which  defines  the  size  and  shape  of  the  ellipsoid  used 
and  its  location  in  space.  The  purpose  of  a  geodedc  datum  is  to 
minimize  the  deviations  between  ellipsoid  and  geoid  in  the  area  of 
interest.  The  origins  of  the  ellipsoids  do  not  coincide  with  the  geo¬ 
center.  The  shift  between  geocenter  and  center  of  ellipsoid  may 
amount  to  several  hundreds  of  meters.  (Graf  et  al.,  1988).  It  there¬ 
fore  must  not  be  neglected  in  a  high  precision  geocoding  process. 

The  transition  between  local  datum  and  satellite  datum  is  most 
conveniently  carried  out  using  cartesian  coordinates  rather  than 
geographic  coordinates  because  they  are  independent  of  ellipsoids. 
The  complete  three-dimensional  Helmert  transformation  (Eq.  1) 
involves  three  translation  parameters  (Ax,  Ay,  Az)  to  relate  the  origins 
of  the  systems,  three  rotation  parameters  around  the  coordinate  axis 
to  relate  the  orientation  of  the  two  systems  and  one  scale  factor  (M)  to 
account  for  any  difference  in  scale  between  the  two  systems.  Thus  in 
order  to  precisely  formulate  the  relationship  between  sensor  and 
backscatter  element  not  only  the  map  projection  formulae  have  to  be 
known  but  also  the  geodetic  datum  which  the  maps  have  reference  to. 


Ft  =  Ap  +  M  • 

RPa 

(1) 

where:  Pp  .. 

transformed  point 

P;  .. 

point  to  be  transformed 

Ap  .. 

transformation  vector  with  coordinates  Ax,  Ay,  Az 

M  .. 

scale  factor 

R  .. 

orthogonal  rotation  mauix 

Table  1. Azimuth  shift  AA  dependent  on  the  elevation  H  (Seasat  SAR, 
ascending  orbit,  46®  lat.  N,  Vj/c  =  7456  m/s,  fo  =  1.274  GHz) 
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A  datum  transformation  has  also  to  be  carried  out  in  case  OEMs 
based  on  different  local  datums  are  used  for  geocoding.  For  Fig.  2  a 
DEM  with  Swiss  oblique  Mercator  coordinates  was  added  to  a  DEM 
in  the  French  Lambert  conformal  conic  projection.  In  Fig.  4  a  French 
DEM  has  been  combined  with  a  DEM  in  German  transverse  Mercator 
coordinates  (see  section  2.4). 


2.3  Rectification  Procedure 

A  backward  transformation  is  used  to  convert  the  positions  of  the 
backscatter  elements  into  the  slant  range  image  coordinates.  This 
transformation  of  the  three-dimensional  object  coordinates  given  in  a 
cartographic  reference  system  into  the  two-dimensional  row  and 
column  coordinates  of  the  slant  range  image  requires  position  and 
velocity  vectors  of  both  sensor  and  backscatter  elements  as  well  as 
doppler  frequencies  and  pulse  transit  times  used  for  processing. 

Out  of  the  ancillary  data  sensor  position  and  velocity  have  been 
computed  for  each  azimuth  pixel  of  the  slant  range  image.  The  data 
have  been  stored  in  an  earth-centered  and  earth-fixed  Cartesian  coor¬ 
dinate  system.  To  enable  the  computation  of  the  doppler,  position  and 
velocity  of  the  backscatter  elements  have  to  be  transformed  into  the 
same  coordinate  system:  First,  map  coordinates  are  uansformed  into 
geographic  coordinates,  these  are  convened  to  Cartesian  coordinates, 
afterwards  the  datum  transformation  is  applied. 

With  the  knowledge  of  the  doppler  centroid  fj  used  as  azimuth 
reference  the  sensor's  position  can  be  determined  for  any  backscatter 
element:  For  each  backscatter  element  with  a  corresponding  estimated 
sensor  position  the  slant  range  R5  and  the  doppler  frequency  fp  is 
computed  (Eqs  2  and  3). 


Rs  ='/(S-P)-(S-P) 


(2) 


2  fg  (vp  -  Vs)  Rs 

IRsI 


where:  Rs 
S,P 

fo 


slant  range 

spacecraft  and  backscatter  element  position 
spacecraft  and  backscatter  element  velocity 
carrier  frequency 
speed  of  light 


The  calculated  frequency  shift  fo  is  compared  with  the  doppler 
centroid  fa  which  was  used  during  the  azimuth  compression.  The 
case  fo  >  fd  means  that  the  closing  rate  is  too  high  and  that  the 
estimated  sensor  position  related  to  the  flight  direction  lies  behind  the 
correct  position.  Thus  the  position  number  will  be  moved  one  step 
forward  and  the  calculation  will  be  repeated.  A  program  code  of  this 
iterative  position  search  algorithm  might  be  written  like: 


DO  WHILE  (fD>fd) 
N  =  N-H 

END 

DO  WHILE  (fD<fd) 
N  =  N-1 


END 

N  means  the  orbit  position  number.  The  exact  position,  where  fo  =  fd. 
lies  between  two  sensor  positions.  It  will  be  interpolated  linearly 
because  the  doppler  frequency  rate  between  two  state  vectors  is 
basically  constant. 

After  the  determination  of  the  sensor  position  that  provides  the  slant 
range  image  pixel  coordinate  in  azimuth  direction  the  line  coordinate 
in  range  direction  can  be  computed  after  Eq.  4. 


nt  =  (P-,s-Ro)/ApR 


(4) 


where:  Ol  ...  line  number 

Rg  ...  slant  range  to  first  pixel  (near  range  border) 
Apr...  pixel  spacing  in  range 


Finally  a  resampling  based  on  the  determined  pixel  and  column  coor¬ 
dinate  in  the  slant  range  image  gives  the  gray  value  for  the  processed 
pixel  in  the  geocoded  image. 


2.4  Results 

With  the  procedure  as  outlined  above  Seasat  SAR  and  SIR-B  images 
have  been  geocoded.  The  lack  of  the  doppler  frequencies  that  served 
as  azimuth  reference  function  prevented  an  unsupervised  geocoding. 
Thus  they  first  of  all  had  to  be  reconstructed  by  means  of  control 
points.  A  noise  reduction  in  the  original  slant  range  images  was 
achieved  by  a  Frost  filter. 

The  position  accuracy  of  the  Seasat  images  amounts  to  about  one  to 
two  slant  range  pixels  in  both  range  and  azimuth  direction  (i.e.  about 
20m).  Containing  a  lot  of  noise  the  SIR-B  images  did  not  permit  a 
reliable  determination  of  the  control  points  needed  for  the  recon¬ 
struction  of  the  azimuth  reference  function.  An  accuracy  of  two  to 
three  pixels  in  both  directions  has  been  achieved  (i.e.  25  to  30m).  A 
better  accuracy  could  not  be  verified  because  of  the  poor  image 
quality  of  SlR-B  data. 

Fig.  2  shows  a  mosaic  of  two  Seasat  SAR  scenes  of  the  orbit  762 
covering  an  area  of  95  X  1 10  km.  The  image  is  represented  in  the 
projection  system  of  the  French  ordnance  survey.  Lambert  zone  II, 
dtendu.  Lines  of  the  geographic  graticule  help  to  localize  the  recorded 
area.  Geneva  in  the  center  is  surrounded  by  the  Jura  in  the  north 
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west,  Lake  of  Geneva  in  the  east  and  the  Savoy  alps  in  the  south  east. 
The  paitially  fairly  curved  near  and  far  range  edges  of  the  imaged  area 
demonstrate  vividly,  the  influence  of  the  relief.  In  Fig.  3  two  Seasat 
SAR  scenes  near  Cologne  (FRG)  at  the  Rhine  can  be  seen  (orbit  891 
and  1493).  The  grid  shows  geographic  coordinates.  The  adjacent 
areas,  where  no  SAR  image  information  was  avaible,  are  shown  with 
a  shaded  DEM.  The  processed  area  covers  about  140  x  1 10  km.  Fig. 
4  is  a  mosaic  of  two  SIR-B  scenes  imaging  about  150  km^  (ascen¬ 
ding  orbit  45.2  and  descending  orbit  97.4).  The  image  is  represented 
in  the  Gauss-Krilger  system  of  the  FRG  (stripe  3).  It  shows  the 
Rhine  nver  valley  with  mount  Kaiserstuhl  near  the  city  of  Freiburg. 

The  mosaicing  was  performed  in  both  cases  entirely  unsupervised. 
Nevertheless,  an  edge  where  the  images  overlap  is  not  visible.  A 
representation  of  the  geocoded  image  in  the  same  projection  that  is 
used  for  the  topographic  maps  of  the  area  in  question  is  the  most 
convenient  solution  for  the  user.  A  combination  with  other  data  sets, 
for  example  geographic  information  systems,  can  therefore  be 
achieved  easily. 


3.  VALUE  ADDED  PRODUCTS 

For  a  detailed  them'atic  or  radiometric  interpretation  of  SAR  images  it 
is  very  important  to  have  knowledge  about  the  quality  of  the  radio¬ 
metric  information  as  shown  in  the  geocoded  image. 

3.1  Layover  and  Shadow  Mask 

Fig.  5  a)  shows  a  layover  situation  between  the  points  F  and  C.  In 
this  area  a  definite  spatial  assignment  is  not  possible  because  echos 
from  two  or  more  points  reach  the  sensor  simultaneously.  An  infor¬ 
mation  overlay  results  which  makes  the  interpretation  questionable. 
Fig.  6  shows  the  layover  mask  of  the  north  eastern  part  of  Fig.  2. 
Depending  on  the  grid  size  of  the  DEM  used  for  the  layover  compu¬ 
tation  the  imaged  area  contains  between  12  and  14  percent  of  layover. 
As  it  can  be  seen  from  Fig.  5  a),  layover  is  a  function  of  the  slant 
range  Rs.  Shadow  on  the  other  hand  can  be  calculated  by  means  of 
the  off-nadir  angle  0  (Fig.  5  b)).  Shadow  areas  represent  information 
gaps,  they  do  not  furnish  any  signal  for  the  generation  of  image 
pixels. 


Figure  5.  Layover  and  shadow  areas 


3.2  Local  Geometric  Values 

Whereas  layover  and  shadow  areas  should  be  excluded  from  inter¬ 
pretation,  the  radiometric  investigation  of  all  other  areas  with  useful 
or  valid  information  will  be  very  much  supported  in  case  additional 
information  about  the  pixels  is  available  (Holecz,  1989  et  al.).  Inter¬ 
esting  values  are  the  local  spatial  resolution  and  the  local  incidence 
angle.  The  local  spatial  resolution  means  the  area  on  the  earth  that  is 
equivalent  to  a  processed  pixel  in  the  slant  range  image.  Because  of 
the  properties  of  SAR  systems  it  must  be  distinguished  between  local 
azimuth  resolution  and  local  range  resolution.  The  local  incidence 
angle  is  measured  between  the  normal  of  the  backscatter  element  atid 
the  incoming  radiation. 


4.  CONCLUSIONS 

An  accurate  geocoding  procedure  has  to  consider  all  parameters  that 
affects  the  image  geometry.  The  outlined  rectification  procedure 
based  on  the  range-doppler  approach  meets  this  requirement.  It  is 
neither  sensor  specific  nor  bound  to  a  specified  orbit  configuration  or 
particular  map  projection.  With  a  rigorous  application  of  the  proce¬ 
dure  to  each  pixel  a  si  le  processing  mode  can  be  realized  and  the 
processing  of  subimi  with  approximative  solutions  can  be 
avoided. 

The  accuracy  is  independent  of  the  size  of  the  scene,  its  geographic 
location  and  the  used  geodetic  reference  system.  The  lack  of  the 
doppler  cenmoids  used  during  processing  as  azimuth  reference 
prevented  an  unsupervised  geocoding.  The  image  quality  affects  the 
accuracy  because  the  azimuth  reference  functions  had  to  be  recon¬ 
structed  out  of  the  image.  It  therefore  results  the  urgent  need  of  the 
knowledge  of  these  values  used  during  the  conrelation  process.  The 
ancillary  data  must  contain  precise  orbit  data,  the  processed  pulse 
transit  times  and  doppler  frequencies. 

Value  added  products  such  as  layover  and  shadow  mask,  local 
incidence  angle  or  local  spatial  resolution  map  will  most  certainly  im¬ 
prove  the  value  of  geocoded  SAR  products  and  therefore  efficiently 
support  image  classifications  and  radiometric  investigations. 
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Figure  2.  Geocoded  Seasat  SAR  mosaic  "Geneva" 


Figure  3.  Geocoded  Seasat  SAR  mosaic  "Cologne" 
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Figure  4,  Geocoded  SIR-B  mosaic  "Kaiserstuhl" 
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Figure  6.  Layover  mask  of  the  north  eastern  part  of  Fig.  2 
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Synthetic  aperture  radar  (SAR)  imagers  hold  great  potential  for  cartographic  mapping  because  the  images 
they  produce  do  not  suffer  from  the  geometric  distortions  inherent  in  optical  systems,  and  the  derivation  of 
object-space  coordinates  is  independent  of  the  pointing  of  the  instrument.  A  minor  disadvantage  has  been  that, 
aithough  the  principles  and  mathematics  governing  SAR  imaging  arc  weli  understood,  the  equations  are  more 
complicated  than  equivaient  opticai  systems  and  ciosed-form  solutions  for  either  single  image  or  stereo  SAR 
pairs  do  not  exist.  Until  now. 

While  instruments  that  use  lenses  to  form  images  basically  arc  mapping  brightness  as  a  function  of  two 
orthogonal  angles  measured  from  the  optical  axis,  SAR  maps  brightness  as  a  function  of  two-way  radar  echo 
time  delay  and  relative  phase  history.  This  phase  history  is  m^ified  by  the  Doppler  shift  caused  by  the 
relative  motion  of  the  target  and  sensor,  and  although  this  shift  is  not  necessary  for  the  SAR  principle  (and  not 
even  particularly  useful)  the  common  use  of  the  terminology  "Doppler"  for  this  component  will  be  maintained 
here. 

Thus  the  location  of  a  SAR  image  point  is  determined  by  the  intersection  of  a  spherical  surface  'if  constant 
•time  delay,  the  "range  sphere",  with  a  conical  surface  of  constant  Doppler,  the  "Doppler  cone.”  This 
intersection  defines  a  circle  in  space  centered  on  and  orthogonal  to  the  instantaneous  velocity  vector  of  the 
platform.  To  determine  where  on  this  circle  the  point  lies  requires  an  additional  datum,  the  elevation  of  the 
point.  For  an  orbital  SAR  this  can  be  expressed  as  a  spherical  earth.  The  latitude  and  longitude  of  the  point 
arc  then  deterrpined  by  the  intersections  of  the  circle  with  this  sphere,  which  for  the  non-degenerate  case 
occurs  at  two  points  (this  final  ambiguity  is  resolved  by  the  antenna  pointing,  which  is  either  to  the  left  or 
right). 

Although  this  geometric  picture  is  straightforward  enough  the  three  applicable  equations  are  usually 
solved  by  iterative  or  least  square  methods  since  no  closed  form  solution  has  appeared  in  the  literature.  Such  a 
solution  will  be  presented  here,  accomplished  through  the  use  of  a  not  necessarily  orthogonal  coordinate  system 
centered  on  the  sensor,  with  axes  along  the  radius  vector  to  the  platform,  the  platform  velocity,  and  the 
direction  defined  by  their  aoss  product.  The  solution  vector  is  then  easily  transformed  back  to  earth-centered 
or  any  other  coordinate  system. 

A  similar  solution  will  be  presented  for  the  stereo  case.  Here  there  are  two  platform  locations  involved  and 
thus  two  range  spheres  and  two  Doppler  cones.  Any  three  of  these  four  data  may  be  used  for  the  solution  and 
the  point  elevation  is  not  required,  indeed  this  is  the  important  quantity  to  be  measured  in  stereo. 
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Abstract 

For  side-looking  airborne  radar  (SLAR),  two 
radargrammetric  conditions  are  formulated.  The  one 
equation,  expresses  slant  ranges  between  kinematic 
positions  of  SLR  and  ground  points  of  interest.  The 
other  equation  states  that  the  scanning  direction  of 
radar  pulses  is  oriented  perpendicular  to  flight 
heading,  if  allowance  for  a  systematic  squint  is  made. 
For  time-dependent  position  and  attitude  parameters 
along  a  flight  path,  only  those  at  the  SLR  (pseudo-) 
stations  separated  by  given  intervals  are  really 
determined.  TJiis  requires  that  use  of  parameter 
modeling  be  made  for  the  orientation  parameters  at 
stations  lying  between  the  pre-selected  stations. 

Tests  are  performed  on  a  pair  of  film  strips  with  real- 
aperture  SLAR  at  an  average  scale  of  1  :  250  000, 

covering  stercoscopically  on  the  same  side  a  hilly  area 
of  2Akra»15km.  82  conjugate  points  in  the  test  area  are 
manually  identified  and  their  coordinates  measured  on 
the  Images  and  on  1  :  SO  000  topographic  line  maps. 
Accuracy  variations  are  determined  with  respect  to 
different  numbers  of  ground  control  points  and  of  SLR 
(pseudo-)stations.  Accuracy  in  three-dimensional 
positioning  with  SLAR  stereo  images  meets  the 
requirements  on  making  (image)  maps  at  a  scale  of 
1  :  100  000  or  smaller. 

Keywords:  Active  side-looking  radar,  Radargrammetric 
equations.  Parameter  modeling.  Real-aperture 
SLAR  stereo  images,  Accuracy  in  planimetry  and 
in  height 


1.  Introdution 


Side-Looking  (Airborne)  Radar,  SL(A)R,  is  an  active 
sensor  having  a  salient  feature  that  it  can  operate  at 
almost  any  time  day  and  night.  From  the  time  that 
elpses  for  a  radar  pulse  to  travel  from  an  antenna  to 
objects  and  back,  ranges  can  be  calculated.  Strength  of 
return  signals  depends  on  the  aspect  of  and  on  the 
kinds  of  objects  in  an  area  illuminated  and  resolved  by 
radar.  The  strength  received  may  be  recorded  on 
piioLographic  fixiiis  in  terms  of  gray  shades.  Knowledge 
about  radiometric  and  geometric  properties  of  side¬ 
looking  radar  images  is  essential  for  good  qualitative 
interpretations  and  quantitative  measurements. 

Analytic  formulations  that  describe  the  image-forming 
of  side-looking  radar  relate  points  in  image  space  to 
points  and  to  SLR  stations  in  object  space.  Analogue  or 
digital  images  from  side-looking  radar  can  be  applied 
to  three-dimensional  positioning  of  points  on  the 


earth’s  surface,  if  they  are  veiwed  stereoscopically  by 
radar  at  least  twice. 


2.  Radargrammetric  equations 

When  microwaves  are  transmitted  sidewards,  they  look  in 
a  direction  which  is  nominally  perpendicular  to  the 
flight  heading  of  a  SLR  carrier.  Ranges  between  a  radar 
antenna  and  objects  on  the  ground  are  used  to  control 
synchronously  positions  of  a  light  spot  before  a  roll- 
film  recording  device.  Thus,  a  line  image  is  defined  by 
range  projection.  A  two-dimensional  radar  image  is  a 
record  of  consecutive  line  images  synchronized  with  the 
relative  speed  of  a  carrier  to  the  ground. 

In  a  reference  system  of  coordinates,  positions  X| ,  Yj  , 
2 1  of  a  target  are  denoted  by  P ,  At  the  moment  tj  , 
positions  Xo.  ,  Yo,  ,  Zo.  of  SLR  scanning  the  target  are 
represented  ’  by  ’the  vector  s  .  With  the  slant  range 
R  “  I  r  I  ,  the  range  equation  is  (see  Fig.l)  : 

R  =  I  P-»l  =/(XrXo^)2  +  (Y,-Yoj)*  +  (Zi-Zoj)* .  (1) 


Fig.l:  Range  measurement  with  side-looking  radar 
having  a  squint  Vt 

Geometrically,  Equation  (1)  stands  for  a  range  sphere 
with  its  center  at  t  and  of  the  radius  R  . 

For  side-looking  radar  that  has  a  real-aperture 
antenna,  rotational  parameters  Pj  (pitch),  Xj  (yaw) 
around  the  axes  of  a  coordinate  system  at,  for 
instance,  the  center  of  the  radar  antenna  have  an 
effect  on  the  direction  of  microwaves  propagated  to  the 
side;  wj  (roll)  may  be  disregarded,  because  it 
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influences  ranging  insignificantly.  If  a  squint  0% 
exists,  ranging  takes  place  on  a  cone  vith  its  apex  at 
S  and  its  axis  coinciding  with  the  longitudinal  axis  of 
the  real  antenna.  The  x-component  of  a  range  in  the 
reference  system,  when  transformed  into  the  antenna 
system,  should  be  identical  to  the  u-component  of  the 
range.  This  gives  the  geometric  condition  for  the 
direction  looking  to  the  side.  Letting  the  u-component 
in  Fig.l  be  equal  to  the  first  equation  in  three- 
dimensional  photogrammetric  transformation  from  object 
to  image  space,  one  gets 

R  sin  =  cos  vJj  cos  Kj  (Xi-Xo^)  +  sin  Kj  (Yj-Yo^) 

-  sin  cos  Kj  (Zi-Zo^)  .  (2) 

If  ground  range  projection  is  preferred  to  slant  range 
projection,  R  must  be  modified  to  (R^-  where 
H  means  an  average  flying  altitude.  When  line  images 
are  recorded,  synchronism  in  range  direction  and  in 
azimuth  (flight)  direction  are  not  necessarily 
unified;  nevertheless,  image  scales  in  both  directions 
are  assumed  to  be  the  same  and  constant. 


3.  Models  for  time-dependent  parameters 

Parameters  of  exterior  orientation  Xoj  ,  Yoj  ,  Zoj  ,  9(  , 
Kj  are  time-dependent  in  that  the  coordinate  system 
at  a  radar  antenna  varies  when  side-looking  radar  is 
carried  onward  station  by  station.  In  order  to  reduce 
the  total  number  of  orientation  parameters  to  the 
extent  that  does  not  exceed  the  number  of  measurements 
made  on  radar  imagery,  a  realistic  parameter  modeling 
based  on  linear  interpolation  can  be  set  up  as  follows: 


X  =(l-8/d)X  +(s/d)X 

J  k  k«l 

Y  =(l-s/d)Y  +(s/d)Y 

j  k  k*l 

Z  =(l-s/d)Z  +(s/d)Z  (3) 

J  k  k*l 

V>j  =  (l-s/d)  (p^  +  (s/d) 

Kj  =  ( 1  -  s/d )  K|,  +  ( s/d  )  K^.,  . 

Ok+1 

■  •  • 

s  |—  d  -  s  — I 


Fig. 2:  Side-looking  radar  station  Oj  lying 
between  0),  and  0,,^^ 

•  Ok  and  0k+,  in  Fig. 2  denote  SLR  (pseudo-) 
stations  equally-separated  and  limited  in  number. 
Separation  d,  s  can  be  expressed  in  units  of  time  or 
strip  coordinates  on  images.  After  integration  of 
Equations  (1),  (2)  and  (3),  a  pair  of  error  equations 
can  be  derived  from  linearization  according  to  Taylor. 
Only  unknown  position  and  attitude  parameters  at  Ok's 
are  then  determined  in  iterative  least  squares 
adjustments. 


4.  Stereoscopic  SLAR  imagery 

In  1981,  Taiwan  was  imaged  with  a  real-aperture  side¬ 
looking  airborne  radar  having  a  nominal  wavelength  of  3 
cm  in  X-band;  ground  ranges  were  recorded  on  analogue 
film  strips.  Range  resolution  is  32  m  at  a  look  angle 
of  70°  off-nadir  and  azimuth  resolution  amounts  to  57  m 
which  is  worse  because  of  a  fairly  long  slant  range. 
There  are  15  km  or  60  %  sidelap  between  two  neighboring 
film  scrips. 

Between  stereo  image  pairs  at  an  average  scale  of 
1  :  250  000  as  well  as  between  Che  images  and 

topographic  maps  at  a  scale  of  1  :  50  GOO,  82  conjugate 
points  arc  manually  identified.  Coordinates  at  image 
points  are  measured  on  WILD  Analytical  Plotter  BC-1 ; 
coordinates  at  points  on  the  maps  road  from  a 
digitizer.  The  following  standard  deviations  arc  given 
for  calculation  of  a  priori  weights:  ±50;:ti  for  time 
and  range  coordinates  in  image  space,  ±30  m  for 
coordinates  at  GCPs  (ground  control  points);  ±500  m 
for  kinematic  positions  and  ±0.106  rad  for  attitude 
parameters  at  SLR  (pseudo-)  stations.  No  correlation 
is  assumed  between  stochastic  observations.  Iterative 
least  squares  adjustments  using  CDC  180/840  with  64-bit 
'words  end,  when  5*10'^  is  accepted  as  a  numerical  zero 
for  non-linear  Equations  (1)  and  (2).  A  pair  of  same- 
side  stereoscopic  images  of  a  hilly  area  to  the  west  of 
Taipei  is  shown  in  Fig. 3. 


Fig. 3:  Stereoscopic  SLAR  images  (1  :  250  000) 
covering  an  area  of  24  km  *  15  km  having  a 
maximum  height  difference  of  611  m 
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When  three  SLR  (pseudo-)stations  or  orientation 
points  are  made  available  as  0|,  and  Ok+i  in 

Pig. 2,  there  are  after  7  iterations  at  23  GCPs  root 
moan  square  errors  in  x  ±42.7  m,  in  y  ±50.9  m  and  in 
z  ±12.3  m;  at  59  independent  check  point  o,  =  ±74.7  m, 
=  ±69.7  m  and  «  ±111.2  m.  Discrepancies  between 
the  known  and  computed  coordinates  in  planimetry  and  in 
height  are  plotted  as  residual  vectors  in  Fig. 4. 
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Fig. 4:  Coordinate  differences  at  ground 
control/check  points  in  the  hilly  area 


How  accuracy  measures  a,  ,  a,  and  a,  vary  as  a  function 
of  the  number  of  GCPs  can  be  examined  in  Fig. 5  where 
one  notices  that  the  number  is  reducible  to  12. 

In  Fig. 6,  the  relation  between  vaiiulions  of  accuracy 
and  numbers  of  SLR  stations  is  illustrated,  while  23 
GCPs  are  in  use.  Variations  of  position  and  attitude 
parameters  after  convergence  of  adjustments  in  cases 
of  2,  3,  5,  6  SLR  stations  (orientation  points)  are 
superimposed  in  Fig. 7  for  each  of  the  two  flight  paths. 
The  reason  why  accuracy  in  height  deteriorates  as  the 
number  of  SLR  station  increases  to  six  is  in  part  that 
the  number  of  conjugate  points  in  each  segment 


O 


Fig. 5:  Accuracy  variations  vs.  numbers  of  GCPs 


Fig. 6:  Accuracy  variations  vs.  numbers  of 
orientation  points  along  flight  pathi 


decreases  approximately  from  40  (three  stations)  to  16. 
In  particular,  one  notes  that  fling  altitudes  are 
estimated  rather  dissimilarly.  While  they  are  lower 
than  5  km  along  the  left  flight  path,  they  are  near  to 
6  km  along  the  right  path.  If  standards  for  making 
(image)  maps  at  a  scale  of  1  :  100  000  are  drawn  to 
as  references  :  ±50  m  in  planimetry  and  ±17  m  (one 
third  of  a  50  m  contour  interval)  in  height, the  SLAR 
stereo  images  analyzed  with  radargrammetric  Equations 
(1),  (2)  are  qualified  only  for  planimetric  mapping  at 
scales  not  larger  than  1  :  100  000. 


5.  Concluding  remarks 

The  reason  for  slightly  better  accuracy  in  y  (cross¬ 
track)  is  evident,  for  the  ground  strip  is  scanned 
twice  in  stereo  by  side-looking  radar.  The  accuracy  in 
x  (along-track)  is  not  so  good  as  that  in  y,  partially 
because  parameter  modeling  by  linear  interpolation  is 
insufficient.  Height  accuracy  being  the  worst  can  be 
attributed  to  acute  stereo  intersection  angles  reaching 
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Fig. 7:  Four  sets  of  parameters  estimated  at  SLR  stations 


from  2‘’.5  to  10°  for  same-side  geometry.  There  are 
often  non-linear  variations  of  scales  and  deformations 
on  photographic  records.  It  is  better  to  correct  SLR 
images  for  systematic  errors  calibrated  in  advance; 
otherwise  radargrammetric  equations  should  be  extended 
functionally  to  allow  for  additional  self-calibrating 
parameters. 

With  time-referred  parameters  of  exterior  orientation 
being  known  beforehand,  coordinates  at  points  on  the 
earth's  surface  can  be  determined  more  accurately, 
because  three-dimensional  positioning  has  a  combined 
characteristic.  Therefore,  it  is  recommended  that 
navigation  data  of  carriers  (their  position  and  atti¬ 
tude  or  velocity  variations)  be  stored  simultaneously 
for  later  use  with  side-looking  radar  imagery. 
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Abstract 

A  radar  stereopair  over  Montagne-Sainte-Victoire 
(Southern  France)  was  chosen  in  order  to  test  the 
suitability  of  the  Varan-S  data  for  a  radargrammetric 
application.  A  radar  stereomapping  software  was  used 
at  the  Institute  of  Image  Processing  and  Computer 
Graphics  (Graz,  Austria)  to  provide  a  DEM  (Digital 
Elevation  Model)  of  the  test-site.  The  study  showed 
that  the  Varan-S  data  are  fit  for  a  radargrammetric 
application  unless  they  display  undue  distorsions. 

Keywords^  SAR,  distorsions,  radargrammetry. 

1.  INTRODUCTION 

Radargrammetry  dates  back  to  the  early  50s,  but  no 
accurate  results  could  be  obtained  before  the  70s, 
when  the  combined  use  of  SARs  (synthetic-aperture- 
radars)  and  analytical  stereoplotters  allowed  the 
extraction  of  •  topographic  information  from  radar 
stereopairs  with  a  reasonable  accuracy  (  C1J  ,  12)  ). 
The  purpose  of  our  experiment  was  to  evaluate  the 
Varan-S  data  from  a  radargrammetric  point  of  view. 
As  will  be  shown  later,  although  the  inherent  charac¬ 
teristics  of  those  data  are  suitable  for  stereomapping, 
some  accidental  distorsions  may  prevent  the  set-up 
of  a  stereo  model. 

The  aim  of  radar  stereomapping  is  to  obtain  a  OEM 
(Digital  Elevation  Model)  using  two  overlapping  radar 
images,  the  known  flight  parameters  and  some  GCPs 
(Ground  Control  Points). 

Mathematically  the  problem  consists  in  positionning 
a  target  within  an  XYZ  coordinate  system  using  its 
radar  coordinates  r,  t,  x  on  both  imaoes.  Each  image 
provides,  for  every  ground  point,  a  slant-range  r, 
a  time  t  and  a  squint  angle  t.  This  point  can  then 
be  located  on  a  circle  defined  by  its  radius  r,  its 
center  (the  antenna  position  at  t)  and  its  axis, 
which  makes  an  dnglecwith  the  platform  velocity  vector. 
The  imaged  point  is  located  at  the  intersection  of 
the  two  circles  corresponding  to  the  two  images. 

In  the  usual  case  of  parallel  flight  paths,  we  can 
consider  two  different  configurations:  same-side 

looking  and  opposite-side  looking.  The  Varan-S  data 
over  the  Montagne-Sainte-Victoire  test-site  (fig. 
2)  were  obtained  in  a  same-side  looking  configuration 
(which  allows  an  easier  stereoscopy  focusing)  and 
with  a  zero  Doppler  shift,  i.e.  with  no  squint  angle. 

2.  THE  VARAN-S  DATA 

Varan-S  is  a  French  SAR  developped  by  CNES  (Toulouse) 
since  1984  (  tIO)  ).  Its  main  characteristics  are: 
wavelength  :  3.2  cm 
frequency  :  9.375  GHz 
polarisation  :  HH,  VV,  VH  or  HV 
sampling  window  :  60  |js 
peak  power  :  6  kW 
noise  figure  :  7  dB 
antenna  length  :  1  m 

The  pixel  size  is  1.60  meter.  Each  image  is  a  10.080 


km  side  square,  i.e.  6300  x  6300  pixels.  The  images 
of  the  stereopair  must  exhibit: 

-  a  good  radiometric  quality,  for  an  easy  stereo¬ 
scopic  observation  and  an  accurate  plotting  of 
GCPs  and  contour-lines; 

-  a  good  geometric  quality  because  distorsions  cause 
parallax  and  can  hinder  the  model  set-up. 

Geometric  and  radiometric  quality  are  closely  depend¬ 
ent.  Indeed  a  geometric  feature  is  only  a  contrast 
in  the  radiometry,  and  geometric  rectif icationincludes 
a  recomputation  of  the  radiometric  values.  The 
Montagne-Sainte-Victoire’  images  have  a  good  geometric 
quality,  but  the  site  has  very  few  planimetric  feat¬ 
ures  and  a  very  homogeneous  landcover,  so  that  the 
GCPs  were  identified  with  difficulty. 

The  same  experiment  has  been  run  with  Varan-S  data 
acquired  over  the  Cdvennes  region  (fig.  1);  but 
because  of  its  excessive  radiometric  and  geometric 
distorsions,  the  stereopair  used  did  not  allow  good 
stereo  viewing  and  measurement  (fig. 7). 


3.  STEREOSCOPIC  OBSERVATION  OF  RADAR  IMAGES 


The  Varan-S  images  were  used  in  an  analog  form,  on 
negative  slides  which  were  put  up  on  the  plotter 
plate. 

Stereoscopic  observation  does  not  involve  the  same 
rules  whether  it  concerns  radar  Images  or  aerial 
photographs.  The  differences  are  of  two  main  kinds: 

-  From  a  geometric  point  of  view,  the  observation 
is.  different  because  the  radar  images  are  built  with 
an  unusual  perspective,-  whereas  the  conical  perspec¬ 
tive  of  photography  is  very  similar  to  human  vision. 
The  curvatures  and  angles  of  some  ground  features 
can  vary  from  one  radar  image  to  another.  Besides 

the  layover  effect  and  range  projection  generate 
a  relief  inversion,  so  that  a  mountain  which  is  seen 
from  the  South  seems  to  be  seen  from  the  North  (fig.3). 


Another  consequence  of  this  effect  is  that  some 
pixels  represent  two  terrain  points  at  least,  in 
which  no  stereo  measurement  is  possible,  for  one 
point  does  not  define  a  beam. 

-  From  a  radiometric  point  of  view  the  differences 
lie  in  the  textural  aspect  of  radar  images.  Indeed 
the  active  character  of  the  sensor  and  the  microwave 
physical  properties  give  the  radar  data  an  unusual 
aspect  for  a  human  eye  used  to  optical  images  of 
sun-illuminated  objects. 

But  the  main  difficulty  of  radar  images  stereoscopic 
observation  lies  in  the  image  distorsions.  An  acce¬ 
leration  of  the  platform  causes  defocusing  (alteration 
cf  azimuth  resolution  comparable  with  an  real-apert¬ 
ure-radar  image);  besides  it  compresses  or  dilates 
the  image  and  almost  prevent  the  affected  areas  from 
being  stereoscopical ly  observable  because  of  the 
resulting  azimuth  parallax.  A  wavy  pattern  effect, 
due  to  interferences  and  called  wriggle,  adds  an 
extra  difficulty  to  near-range  stereoscopic  obser¬ 
vation  although  it  does  not  involve  any  geometric 
deformation,  because  it  creates  a  false  relief  impres¬ 
sion.  The  near-range  area  (generally  the  most 


*  now  at  IGAC  (BogotS,  COLOMBIA). 
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Fig.1:  the  Montagne-Sainte-VIctoire  (1)  and 
Cdvennes  (2)  test-sites. 


Fig. 2:  the  Varan-S  stereopair  over  Montagne-Sainte-Victoire. 


distorted  one)  is  affected  by  a  saturation  effect  too. 
With  a  synthetic  antenna  the  energy  received  from  dist¬ 
ance  r  is  proportional  tol/r*  .  Hence  in  the  Varan- 
S  images,  the  geometry  of  which  is  shown  in  fig. 4, 
the  antenna  receives  ten  times  more  energy  from  near¬ 
range  than  from  far-range.  Consequently  an  r*  correc¬ 
tion  is  needed.  But  the  very  near¬ 
range  saturation  cannot  be  cor¬ 


rected,  so  that  the  grey-values  systematically  remain 
very  low.  On  the  plotter  the  brillance  can  be  regulat¬ 
ed  independently  for  each  image:  the  saturated  one 
can  be  lightened  more  than  the  other  one.  Neverthe¬ 
less,  the  radiometric  saturation  it  suffers  from  can¬ 
not  be  compensated.  A  self  calibration  could  allow 
a  correction  of  this  effect  on  digital  images. 


4.  EXTRACTION  QF  THE  DIGITAL  ELEVATION  HOOEL 

4.1  Basic  equations:  The  Z-coordir.  te  computation 
relies  on  two  basic  equations  (  C3)  ): 

-  squint  condition: 

ds 

— .(  p  -  s  )  -  sin(i:). 
dt 

-  range  condition: 

r  -  I  p  -  s  I  =  0  ; 

where  r  is  the  target  slant-range,  p  and  s  the  target 
and  the  sensor  position  vectors  and  c  the  radar  squint 
angle. 

They  define  the  circle  on  which  the  imaged  point 
is  located  (see  ?.1).  The  former  defines  the  orienta¬ 
tion  of  the  circle  axis,  while  the  latter  defines 
its  radius.  The  target  height  is  computed  by  inter¬ 
secting  the  two  circles  corresponding  to  the  two 
images. 


4.2  Hardware  and  software:  The  analytic  stereoplotter 
used  for  that  experiment  was  a  Kern  DSR-1  assisted 
by  a  host  computer  PDP-ll.  The  SMART  software  is  des¬ 
cribed  in  t3L  Some  20  GCPs  were  digitized 
from  a  1/25000  scale  map  on  a  digitizing  table.  Once 
the  stereo-model  has  been  set-up  using  the  basic  equa¬ 
tions,  the  pair  can  be  stereoscopical ly  observed  and 
the  contouring  process  can  start.  The  contour-lines 
were  recorded  on  a  Hie  for  the  interpolation  of  the 
OEM. 

4.3.  Results:  The  stereopair  was  stereoscopically 
observable  in  spite  of  the  effects  of  layover,  fore¬ 
shortening,  saturation,  shadowing,...  As  it  was  said 
III  e'2,  the  lack  of  pldnimelric  features  reduced  the 
number  of  GCPs  and  their  coordinates  accuracy.  Never¬ 
theless  the  stereo-model  was  set-up  with  a  reasonable 
accuracy  and  a  topographic  map  was  drawn  with  a  50 
meter  equidistance  (fig. 5).  The  contour  lines  were 
interpolated  to  obtain  a  20  m  resolution  DEM  (fig. 
6).  The  RMS  errors  are: 

Ex  =  51.3  m 
Ey  =  36.7  m 
Ez  =  38.1  m 


•  I  p  -  s  I  =  0  ; 


Fig. 5:  radar  derived  topographic  map 


Fig. 6:  radar  derived  DEM 


They  provide  a  good  evaluation  of  the  OEM's  error. 
§.5  contains  an  interpretation  of  that  error. 

5.  IMTERPRETATION  OF  THE  ERRORS 

There  are  several  types  of  errors.  We  saw  that  their 
combination  amounts  to  some  tens  of  meters. 

Some  errors  are  almost  unavoidable,  and  we  could  not 
have  corrected  them.  The  site  itself  was  unpropitious 
to  an  accurate  mapping.  Its  lack  of  planimetric  features 
jeopardized  the  accuracy  of  the  GCPs'  coordinates, 
and  its  mountainous  character  required  the  GCPs  to 
be  chosen  in  steep  areas,  so  that  any  planimetric 
plotting  error  caused  a  corresponding  height  error, 
which  became  more  important  for  steeper  areas.  Besides 
relief  causes  layover,  foreshortening  and  shadowing, 
which  help  the  morphological  interpretation  but  make 
the  stereoscopic  observation  .less  accurate.  We  could 
note  that  the  range  RMS  error  is  far  greater  than 
the  azimuth  one,  which  is  a  logical  result,  for  the 
relief  contribution  to  parallax  is  only  in  the  range 
direction. 

Some  errors  lie  in  the  data  and  could  not  have  been 
corrected  easily,  unless  in  some  cases  with  a  digital 
processing  (filtering,  self-calibration,  geometric 
rectification,...).  Variations  of  the  platform  attitude 
are  an  important  source  of  error  and  they  are  compen¬ 
sated  in  real-time:  while  the  rolling  effect  is  of 
no  consequence  for  a  zero  Doppler  shift,  yaw  and  pitch 
offsets,  due  to  heading  rectifications,  produce  azimuth 
first-order  errors  and  range  second-order  errors. 
Accelerations  lead  to  geometrical  over-  or  sub-sampling 
and  to  defocusing,  and  they  do  not  affect  the  two 
images  in  the  same  way:  they  make  the  observation 
very  difficult  and  degrade  the  results'  accuracy  in 
the  azimuth  direction.  Interferences  are  a  source 
of  error  as  well:  speckle,  due  to  the  reflexion  of 
coherent  radar  waves  on  rough  surfaces,  alter  the 
radiometric  resolution  (  [12J  )  and  the  wriggle  fringes 
create  a  false  relief  impression.  The  image  of  metallic 
features,  for  the  strong  backscattering  they  produce 
and  more  generally  every  bright  image  feature,  are 
often  saturated  and  oversized,  so  that  the  GCPs  could 
not  have  been  chosen  among  them  with  accuracy. 


Some  errors  occurred  during  the  experiment  and  could 
have  been  avoided.  The  GCPs  were  digitized  on  a  1/25000 
map:  the  combination  of  the  digitizing  errors  (due 
to  both  the  operator  and  the  digitizing  table)  and 
the  map  inherent  uncertainty,  may  have  induced  a  plani¬ 
metric  error  of  several  meters  (2.5  m  for  0.1  mm). 
More  over  the  altitudes  were  visually  interpolated 
between  the  10  m  Increment  contour-lines:  that  can 
have  led  to  errors  of  a  few  meters  too. 

Some  of  the  flight  parameters  were  not  available  for 
this  study,  and  the  platform  motion  had  to  be  consider¬ 
ed  as  linear,  horizontal  and  uniform  in  a  first  approx¬ 
imation,  and  as  a  second-order  curve  after  the  resec¬ 
tion  in  space.  We  unfortunately  had  to  use  bad  quality 
negative  images,  extensions  of  positive  papers:  this 
was  one  of  the  most  critical  sources  of  error. 

On  the  contrary  some  errors  are  absolutely  negligible. 
The  underground  penetration  is  generally  inferior  to 
the  wavelength  (3.2  cm)  and  the  stop-start  approxima¬ 
tion  (see  [11]  )  is  justifiable  within  1  cm.  Even  the 
measuring  and  sampling  uncertainties  can  be  disregarded 
because  they  are  inferior  to  the  resolution. 

6.  CONCLUSION 

This  experiment  showed  that  the  Varan-S  data  are  fit 
for  a  radargrammetric  utilization  with  a  50  m  accuracy 
at  least.  But  the  quality  of  the  results  could  have 
been  improved  under  certain  conditions: 

-  During  the  data  acquisition  process  the  platform 
should  have  drifted  towards  an  approximate  heading, 
so  that  the  images  would  have  been  angularly  shifted 
but  almost  not  distorted; 

-  The  GCPs'  coordinates  should  have  been  directly  mea¬ 
sured  on  the  field  using  geodetical  points; 

-  The  platform  motion  should  have  been  interpolated 
between  numerous  and  accurate  position,  attitude  and 
velocity  values; 

-  The  digital  images  should  have  been  directly  convert¬ 
ed  into  a  transparent  analog  form,  with  a  Vizircolor 
or  similar  system  . 

This  being  so,  the  resulting  accuracy  could  have  been 
greatly  improved. 

From  now  on  additional  experiments  to  those  described 
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Fig. 7:  RMS  errors  of  the  Montagne-Sainte-Victoire  (1)  and  Mvennes  (2  and  3)  stereopairs  (3-parameter  fitting  of 
set  of  homologous  points). 


in  this  paper  will  be  carried  out  as  a  preparation 
for  the  use  of  the  ERS-1  data  when  they  become  avail¬ 
able.  Indeed  it  is  expected  that  in  a  very  near  future, 
the  ERS-1  stereo  images  will  provide  topographic  infor¬ 
mation  in  countries  where  it  is  needed. 
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Abstract 

The  capability  of  estimating  sensor  platform  position  using  SAR  imagery, 
and  a  Digital  Elevation  Model  (DEM)  or  a  feature  database  has  been  the  object  of 
extensive  research.  Inerual  Navigation  System  (INS)  data  is  subject  to  dnfi,  and 
It  IS  assumed  that  no  Global  Positionu  g  System  (GPS)  data  is  available.  Two  ap¬ 
proaches  to  unage-database  matching  are  discussed  in  depth,  along  with  some  re¬ 
sults  using  actual  data.  The  first  approach  involves  the  use  of  a  DEM  to  form 
simulated  SAR  images  which  are  compared  to  (he  actual  SAR  image. 

A  second  approach  involves  scgmeniauon  of  candidate  features  from  a  SAR 
image  and  matching  with  possible  corresponding  features  in  a  feature  database. 
A  particularly  efficient  data  representauon  is  used  to  clunmate  features  that  are 
unlikely  to  be  matches)  from  the  process.  A  logical  extension  of  this  problem  lies 
in  the  decision  of  which  features  to  choose  from  a  feature  database,  given  a  par¬ 
ticular  SAR  scenario.  A  rule  based  expert  assistant  for  such  a  task  is  discussed. 

Range  differences  in  the  images  are  used  to  estimate  a  eonection  to  the  esu- 
mated  sensor  position.  A  novel  method  of  combining  range  differences  to  linear¬ 
ize  the  resection  problem  (Smith,  87]  is  used  to  simplify  the  esumation  of  the 
sensor  position. 


nance  values  has  long  been  known  to  lead  to  problems  because  the  object  and  in¬ 
tensity  boundaries  are  not  always  the  same.  The  approaches  generally  taken  can 
be  classified  into  two  areas,  namely  region-based,  and  boundary-based.  The 
meihod  presented  uulizcs  a  combination  of  classically  region-based  corrclauon 
and  boundary-based  matching  on  preproccsscd  SAR  and  photographic  imagery, 
and  produces  a  rank  for  comparison  of  the  goodness  of  matches.  The  particular 
representation  of  the  feature  boundaries  allows  fast  and  efficient  fcatuie  match¬ 
ing.  This  method  was  demonstrated  using  Nauonal  High  Alutude  Photography 
(NHAP),  and  the  preprocessing  required  for  SAR  imagery  was  investigated. 

Parucular  features  must  be  chosen  from  a  feature  database  for  matching  to  (he 
image.  A  rule-based  system  for  choosing  data  from  a  feature  database  provides  a 
logical  extension  for  automauon  of  ihc  feature  matching  process.  The  immediate 
goals  of  such  a  system  would  include  choosing  features  that  would  be  likely  can¬ 
didates  for  matching  in  an  image,  as  well  as  wcighung  chosen  features  according 
to  several  preselected  criteria. 

Once  a  point  to  point  correspondence  is  determined,  either  by  shadow  match¬ 
ing  or  feauire  matching,  the  resccuon  m  space  can  establish  the  platform  posiuon. 
Since  the  resccuon  generally  consists  of  a  non-linear  system  of  equauons,  a  meth¬ 
od  of  employing  range  differences  to  linearize  the  problem  is  applied,  and  the 
system  simplifies  to  one  that  can  be  solved  by  (he  generalized  inverse  .solution. 


Intixxiuction 


Matching  Using  Simulated  SAR  Imagery 


Image  to  map  matching  or  geocoding,  is  the  process  of  assigning  a  geographic 
coordinate  to  each  pixel  of  a  sensed  image.  This  (ask  can  be  achieved  in  a  num¬ 
ber  of  ways.  One  approach  involves  compuung  an  esumate  of  the  sensor  plat¬ 
form  position  and  possibly  the  sensor  attitude.  This  problem  is  called  "resection 
in  space”  in  photogrammctric  terminology.  In  the  past,  resccuon  in  space  has 
been  achieved  with  computational  procedures  which  relate  individual  pixel  loca¬ 
tions  to  ground  control  points  with  known  geographical  coordinates.  These  pro¬ 
cedures  arc  based  on  point  to  point  correspondences.  If  enough  individual  con- 
uol  points  are  imag^  and  recognized,  then  such  procedures  arc  sufficient. 
However,  often  an  imaged  scene  docs  not  contain  the  signatuics  of  sufficiently 
many  individually  recognizable  control  points,  but  rather  contours  of  known  ob¬ 
jects. 

Within  this  scenario,  the  flight  log  for  actual  SAR  missions  is  based  upon 
INS,  and  GPS  data  is  not  available.  We  use  (he  flight  log  data  as  the  original 
estimate  of  platform  position.  Since,  INS  is  subject  to  drift,  our  original  estimate 
of  platform  position  is  subject  to  a  finite,  but  random  error.  Hence,  the  mau:h  and 
resection  operations  must  account  for  and  correct  (his  error. 

The  first  approach  described  below  is  based  upon  exploitation  of  contour  to 
conuiur  correspondences.  We  selected  terrain  induced  shadows  in  SAR  images 
because  they  are  definitive  and  relatively  static  contours  for  use  in  matching  with 
Digital  Elevation  Model  (DEM)  based  simulated  SAR  imagery.  The  method  pre¬ 
sented  consists  of  a  two  stage  matching  algorithm.  Tnc  fiist  stage  consists  of  a 
classical  area  correlation  used  to  provide  a  better  approximation  of  matching  lo¬ 
cations  and  reduce  eaor  from  the  original  platform  position  estimate  provided  by 
flight  data.  The  second  stage  consists  of  an  exact  point  to  point  matching  based 
upon  corresponding  shadow  contours  in  the  actual  and  simulated  SAR  images. 

The  second  approach  is  based  upon  matching  of  feature  data.  Clearly,  the  cx- 
tracUon  of  features  in  the  sensed  imagery  should  not  proceed  independently  of 
knowledge  represented  in  feature  databases,  and  any  approximate  knowledge  of 
sensor  platform  position.  Unguided  segmentation  bas^  solely  on  image  lumi- 


In  the  paiticular  case  when  GPS  data  is  not  available,  and  not  enough  control 
points  arc  available  for  a  resection  in  space  to  be  successfully  computed,  addi¬ 
tional  data  must  be  found  m  order  to  accurately  dctcrmuie  platform  position  with 
the  resection  procedure.  In  this  sccuon,  we  describe  a  method  that  employs 
contour  to  contour  matching  using  terrain  induced  shadows  in  radar  imagery  to 
augment  or  replace  control  point  data  to  improve  accuracy  of  the  subsequent 
resection  in  space. 

The  method  requires  the  availability  of  a  DEM  from  which  a  simulated  radar 
image  is  created  using  the  flight  log  parameters  from  the  radar  mission.  These 
parameters  which  generally  consist  of  an  approximate  straight  line  flight  path  will 


Figure  1:  A  section  of  a 
SAR  image  (upper  left) 
from  Intera,  Ltd.,  a 
window  into  a  simulated 
SAR  image  of  the  same 
area  (upper  right),  and  the 
resulting  window  into  the 
SAR  image  after  an  area 
based  correlation. 
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act  as  the  initial  estimate  of  the  platform  position.  Also,  it  is  assumed  that  the 
actual  flight  direction  is  known  to  within  one  degree,  so  that  rotational  effects  arc 
negligible.  The  range  and  azimuthal  resolution  of  the  DEM  and  the  radar  image 
must  be  comparable.  A  two  stage  matching  algorithm  is  then  employed  between 
the  simulated  and  actual  radar  images. 

The  first  stage  of  die  algonthm  involves  an  area  based  correlation  between  a 
subsection  of  the  actual  SAR  image  that  is  known  to  contain  terrain  induced 
shadows,  and  a  section  of  the  simulated  image.  Figure  (1)  illustrates  this  step 
using  STAR-l  SAR  imagery  from  Inlcra  Ltd.  of  Calgary,  Canada,  and  a  simulat¬ 
ed  SAR  image  created  at  VEXCEL.  The  subsection  of  the  SAR  image  can  be 
determined  from  analysis  of  the  DEM  using  the  radar  flight  parameters  to 
determme  reasonable  areas  in  which  to  find  terrain  induced  shadows.  The 
subsection  of  the  simulated  image  is  determined  by  the  amount  of  error  expected 
in  the  initial  estimate. 

In  our  experiments,  we  used  the  entire  simulated  image  for  correlation, 
assuming  that  the  error  could  be  as  much  as  half  the  image  size.  A  hierarchical 
form  of  correlation  was  used  that  employed  a  sequence  of  matches  on  a  pyramid 
of  reduced  resolution  versions  of  the  real  and  synthetic  images  taken  along  the 
approximate  straight  line  flight  path  described  by  the  initial  estimate.  Coarse 
registration  is  performed  at  the  coarsest  resolution,  leading  to  finer  adjustments 
on  higher  resolution  versions  of  the  imagery  [Rosenfeld,  84). 

Both  normalized  correlation,  and  sum  of  absolute  differences  correlation 
(Bamca,  Silverman,  72)  were  tested  for  the  area  based  correlation  scheme,  with 
similar  results.  The  sum  of  absolute  differences  correlation  was  possible  because 
the  radar  simulation  incorporates  a  radiometric  equalization  with  the  actual  SAR 
image  histogram.  Also,  the  sum  of  absolute  differences  metric  proved  to  be  more 
computationally  efficient  than  normalized  correlation  and  thus  would  be  the 
method  of  choice.  Since  rotational  inaccuracies  are  very  small,  the  area  based 
correlation  can  generally  bring  the  actual  and  simulated  images  to  within  a  few 
pixels  of  each  other,  but  not  close  enough  for  precise  pixel  to  pixel  matching  to 
be  successful. 

The  next  step  uses  contour  to  contour  matching  in  order  to  achieve  a  point  to 
point  correspondence  between  the  simulated  and  real  images.  Since  the  simulat¬ 
ed  image  was  created  from  the  DEM  by  a  known  process,  once  the  actual  SAR 
image  is  matched  to  it,  the  pixels  of  the  SAR  image  are,  in  essence,  known  in 
DEM  coordinates.  The  resection  can  then  be  used  to  determine  the  sensor 
platform  posiuon  in  the  DEM  coordinate  frame.  Such  a  resection  carries  out  at 
sufficiently  small  steps  along  the  flightpath  can  provide  an  incremental  correction 
to  the  INS  data  such  that  a  more  exact  flightpath  can  be  determined. 
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Figure  2:  A  comparison  is  sigma  filter  images.  The  original 
SAR  image  (upper  left)  and  increasing  values  of 

sigma  for  smoothing:  0=0.15  (upper  right),  o=0.30 
(lower  left).  0=0.45  (lower  right). 

The  second  stage  of  the  algorithm  involves  matching  the  outlines  of  the 
shadows  within  the  correlated  areas  in  the  actual  and  simulated  images.  First,  the 
shadow  outlines  must  be  cxuactcd  from  each  image.  No  speckle  noise  is  added 
to  the  simulated  radar  images,  therefore,  the  shadow  outhnes  can  be  extracted  by 
thresholding  the  image  at  zero,  and  employing  an  edge  following  algorithm  to 
vectorize  the  shadow  outlines. 

Shadow  segmentauon  in  the  real  SAR  image  is  based  upon  the  inherent 
bimodality  of  the  local  histogram  in  the  correlated  shadow  region.  When  noise 
and  speckle  content  is  high,  however,  this  bimodality  can  be  corrupted.  In  such 
cases,  the  modality  is  restored  using  nonlinear  preprocessing  to  preserve  shadow 


edges  and  smooth  noise.  An  example  of  such  processing  is  nonlinear  speckle 
suppression  using  sigma  filtering  [Ltm.  83).  See  Figure  (2).  This  can  also  be 
viewed  as  an  edge  interest  operator. 

The  SAR  image  is  then  thrcsholded  at  the  gray  value  corresponding  to  the 
minimum  in  the  bimodal  histogram,  and  the  shadow  edges  are  vectorized  with  an 
edge  following  algorithm.  Next,  the  vectorized  edges  in  each  image  arc  encoded 
in  4'(s)  representation.  The  '}'(s)  representation  encodes  a  two  dimensional  poly¬ 
gon  into  a  one-dimensional  function  by  taking  the  local  tangent  angle  as  a 
function  of  the  arc  length  (Ambler  ct  al.  75).  Making  the  arc  length  sufficiently 
large  results  in  a  smoothed  Tis)  function.  This  provides  a  simply  way  to  remove 
pathological  small  perturbations  in  the  shadow  contours. 

Clearly,  the  points  of  highest  curvature  along  any  given  polygon  will  be  given 
by  the  zero  crossings  of  the  second  derivative  of  the  Tis)  function.  We  found 
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Figure  3:  Thresholding  for  the  maxima  of  the  first  derivitive  of 
the  'F(s)  function  allows  for  extraction  of  points  of 
highest  curvature,  and  avoids  small  scale  roughness 
in  shadow  contours. 

however,  that  for  the  case  of  terrain  induced  shadows,  the  actual  vectorized  con¬ 
tours  are  somewhat  ragged.  Hence,  the  zeros  of  the  second  derivative  pinpoint 
every  inflection  in  curvature  around  the  contour.  In  order  to  extract  only  the 
points  of  sharp  tangent  angle  changes,  the  first  derivative  of  the  4'(s)  curve  was 
thresholdcd  for  sections  of  maxim^  curvature  fluctuation.  The  median  of  each 
thrcsholded  section  was  taken  to  be  the  point  of  highest  curvature.  In  this  way, 
only  points  along  the  contour  at  which  the  tangent  changed  sharply  would  be  ex- 
uacted.  See  Figure  (3). 

This  Tfs)  function  represents  the  angular  measure  of  the  local  tangent  de¬ 
scribed  by  the  derivative  with  respect  to  the  arc  length  of  the  vector  function  de¬ 
fining  the  curve.  Since  curvature  is  associated  with  the  second  derivative,  we  see 
that  the  maxima  of  curvature  occurs  where  'F’(s)  is  maximum. 

This  process  was  carried  out  for  both  the  actual  and  the  simulated  SAR  imag¬ 
es.  Finally,  points  in  the  simulated  and  actual  SAR  images  arc  matched  based 
upon  their  locations  within  the  corresponding  correlation  windows,  as  well  as 
their  angular  locations  with  respect  to  one  another.  See  Figure  (4). 

Next  the  simulation  procedure  which  led  to  a  ground  range  radar  projection  is 
reversed,  and  the  matched  pixels  in  the  SAR  image  arc  assigned  coordinate  loca¬ 
tions  in  the  DEM  reference  frame.  A  resection  in  space  can  be  calculated  to  yield 
and  estimate  of  the  platform  position.  A  small  error  will  occur  because  the  asso¬ 
ciation  of  SAR  image  and  DEM  points  is  dependent  on  occluding  points  for  shad¬ 
ows.  If  the  sensor  position  ehanges,  the  occluding  points  change  slightly. 
However,  this  is  a  second  order  effect  which  may  be  successively  reduced  if  the 
estimation  process  is  repeated  by  iteration  on  the  new  estimated  sensor  position. 

Matching  Using  Feature  Database 

Another  method  for  determining  ground  eontrol  points  involves  the  use  of  im¬ 
aged  feature  data.  This  method  is  particularly  useful  when  a  DEM  is  not  avail¬ 
able.  or  not  sufficiently  accurate,  but  flight  data  from  the  imaging  mission  is  still 
suitable  for  an  initial  estimate.  For  large  scale  implementation  of  a  feature 
matching  method,  a  digitized  feature  database  such  as  the  DMA  Digital 
Landmass  Database,  is  required.  For  the  purpose  of  experimentation,  we  utilized 
DMA  Digital  Feature  Analysis  Data  (DFAD)  in  a  region  approximating  the  actu¬ 
al  imagery  we  tested. 
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Figure  4:  Points  of 
highest  curvature  in  the 
real  SAR  image  (upper 
left),  and  the  simulated 
SAR  image  (upper  right). 
Graphical  representation 
of  matched  points  along 
shadow  contours  in  real 
and  simulated  images 
(lower  left). 


locations,  as  well  as  range  data.  The  method  is  derived  from  linear  least  squares 
estimation  theory,  and  approximates  the  maximum  likeliiiood  estimate  without 
requiting  the  more  rigorous  solution  to  the  system  of  nonlinear  equations 
provided  by  a  classical  resection  in  space. 

The  scenario  assumes  that  the  direction  of  the  flight  path  is  known  to 
sufficient  accuracy,  that  the  INS  positional  errors  for  the  imaging  period  give 
good  relative  positional  estimates,  and  that  what  is  required  is  an  offset  estimate 
in  crossrange  and  altitude  for  each  azimuthal  section  of  an  image.  Thus,  if  an 
exact  flight  path  were  required,  an  offset  would  have  to  be  computed  for  each 
range  line  of  an  image.  This  offset,  of  course,  must  be  based  upon  data  from 
range  lines  around  the  particular  line  of  intcresL 

Given  that  N  ground  locations  were  matched,  we  set  up  the  problem  as 
follows: 


sensor  position  (1) 

row  vector,  known  ground  locations,  where 
i=l . N 


Classically,  feature  matching  algorithms  arc  either  region  based,  or  boundary 
based.  The  method  presented  here  is  a  combination  of  both  types.  First  a  bound* 
ary  extraction  and  segmentation  is  applied,  then  a  template  oriented  correlation 
matching  metric  is  used  to  find  the  b^l  boundary  to  match  the  imaged  feature. 

DMA  Digital  Feature  Analysis  Data  consists  of  four  types  of  features:  point 
data,  colIecUons  of  points,  lineal  data,  and  areal  data.  All  four  types  consist  of 
lists  of  points  in  geographic  coordinates  which,  for  the  latter  two  types,  when 
linked  together  by  straight  lines  describe  a  feature  by  a  polygonal  approximation. 

The  appearance  in  an  optical  image  of  such  a  polygonal  approximation  will  be 
modified  by  a  perspective  transformation.  A  ground  range  SAR  image  will 
similarly  have  some  distortions  if  the  feature  lies  in  terrain  relief. 

The  feature  matching  procedure  explored,  used  NHAP  data  which  exhibited  a 
negligibly  small  amount  of  perspective  distortion.  The  method  itself  involved  an 
efficient  search  for  one  paru'cular  arbiuarily  chosen  lineal  or  areal  feature.  In  a 
fully  automated  system,  the  initial  feature  used  in  the  matching  would  be  chosen 
by  a  rule-based  expert  assistant.  This  idea  is  discussed  more  fully  in  the  last  sec¬ 
tion. 

Once  the  initial  feature  was  chosen,  the  optical  image  was  preprocessed  using 
the  Sobel  edge  operator  (Prau,  78],  and  thrcsholdcd  at  two  standard  deviations 
above  the  mean  gray  value  to  produce  a  binary  image  containing  the  major  edges. 
We  found  that  images  proces^  with  the  Sobel  edge  operator  tended  to  exhibit  a 
log-nonnal  histogram.  The  micro-edges  tended  to  occupy  the  lower  "less  bright' 
gray  values,  while  the  major  edges  generally  due  to  outlines  of  major  features, 
were  brighter.  The  thresholding  step  temov^  the  micro-edges,  leaving  only  the 
bright  major  boundaries  in  the  binary  image.  Isolated  pixels  were  then  deleted, 
completing  the  preprocessing  of  the  imagery. 

Next,  the  DFAD  was  converted  to  image  coordinates  from  geographic  by  a 
linear  transformation  given  the  resolution  of  the  image.  The  selected  feature  was  ‘ 
stored  as  a  list  of  pixel  coordinates  extending  between  the  transformed  DFAD  co¬ 
ordinates  that  described  it.  The  raster  coordinates  along  the  feature  were  then 
subsamplcd  to  produce  a  mask,  which  was  subsequently  correlated  with  the 
binary  edge  imagv  using  sum  of  absolute  differences  correlation  [Bamea, 
Silverman,  72].  The  correlation  was  carried  out  only  at  locations  in  the  edge 
image  where  the  first  pixel  of  the  feature  mask  fell  on  a  bright  pixel,  thus 
increasing  computation^  efficiency  of  the  operation.  The  top  three  locations  of 
correlation  maxima  were  retained,  and  the  full  feature  pattern  was  then  correlated 
at  those  locations  to  produce  the  best  estimate.  Localized  edge  detection  was 
then  employed  to  produce  beuer  estimates  of  the  original  DFAD  tie  points  and 
the  image.  Once  one  feature  was  matched,  a  localized  method  could  be  applied 
to  features  throughout  the  image  to  gain  multiple  lie  points,  leading  to  a  resection 
operation. 

Presentiy,  a  human  must  intervene  in  the  above  operations  to  choose  the 
initial  feature  and  to  resolve  conflicts  during  the  correlation  steps.  Therefore,  the 
development  of  a  rule-based  exjxrrt  assistant  is  a  logical  step  toward  automation 
of  liiis  process.  The  groundwork  for  such  a  system  is  described  m  ttie  last  sec¬ 
tion. 

Linearization  of  Resection  Problem  Using  Range  Differences 


ACjj  =  c.  -  Cj,  where  j  =  2 . N 

M  =  3  X  N  matrix  of  Xj  vectors 

Letting  Xj  arbitrarily  be  the  origin  point  for  range  difference  computations,  the 
following  scalar  and  vector  values  are  computed. 

's  =  '"s' 

V  »  (f2^''^21^ . "N’^^NI^^ 

Ac  =  (AC2j,...,Ac^,)^ 


The  approximate  least  squares  esumate  according  to  Smith  is  given  by: 

;s  =  ^TM)''MT(7.2fsAc)  ^2) 

This  is  simply  the  generalized  inverse  solution  to  the  minimum  least  squares 

.m.  • 

value  for  e  where  t  is  given  by: 


ri2.ACii^-2r5ACii-2Xi\,i  =  2 . N 

(^ . 


This  solution  closely  approximates  the  maximum  likelihood  solution  for  sensor 
location,  and  could  be  used  as  a  starting  estimate  to  iteratively  compute  the  maxi¬ 
mum  likelihood  solution  to  the  nonlinear  resection  equabons.  Such  a  procedure 
is  virtually  certain  to  converge  quickly  with  a  good  starting  estimate  given  by  the 
linear  procedure  above. 

We  can  generalize  this  result  to  incorporate  INS  measurements,  again 
assuming  that  an  estimate  in  crossrange  and  altitude  is  required.  Using  the  INS 
measurements,  we  compute  the  following  values: 

tj  =  the  time  points  corresponding  to  a  range  measurement 

with  respect  to  an  identified  DEM  position 
p(t|)  »  the  set  of  INS  measurements  for  the  time  points  tj, 

_  where  i  =  1,...,N 

Xp  =  the  desired  INS  offset 


Then  modify  one  of  the  definitions  of  Eqn.  (1)  as  follows: 

Cj  =  lp(ti)-(Zo-Xj)l 

=  IX(,-(x,-p(lj))l 


A  novel  method  of  combining  range  differences  borrowed  from  a  method 
used  in  sonar  [Smith,  87}  is  used  to  simplify  the  esumation  of  the  sensor  position. 
The  technique  was  originally  developed  to  localize  a  single  source  given  a  set  of 
noisy  range  difference  measurements.  This  is  ideally  suited  to  our  problem  in 
that  it  should  be  assumed  that  some  error  is  associated  with  all  matched  ground 


Therefore,  one  can  use  the  generalized  inverse  solution  (Eqn.  (2))  to  obtain  the 
INS  offset  but  with  x  j  replaced  by  (xj  -  p(tj)). 

The  accuracy  of  this  rcsccUon  operation  is  limited  by  the  resoluuon  of  the  im¬ 
agery,  and  the  resolution  of  the  terrain  or  feature  database.  The  INS  compensa¬ 
tions  to  the  SAR  phase  history  arc  also  assumed  to  be  good  such  that  the  INS  can 
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Figure  5:  Hierarchical  organization  for  rule  base  for  feature  segmentation. 


be  used  as  a  basis  for  a  more  precise  description  of  the  platform  flighipath.  Also, 
in  order  for  a  resection  operation  to  be  convergent,  the  ground  control  points 
must  be  located  in  a  rclativei}  wide  area  in  the  image  That  is,  a  small  cluster  of 
points  will  lead  to  an  ill-conditioned  resection,  and  poor  results. 

The  least  squares  solution  given  in  Eqn.  (2)  above  can  be  generalized  to 

T  T 

■ncludc  a  weighting  matriz  W,  by  replacing  M  by  M  W. 

Ezpert  Assistant  for  Feature  Data  Segmentation 

A  rule-based  feauire  segmentation  system  would  be  only  a  part  of  an  overall 
suategy  for  utilizing  INS,  GPS,  and  terrain  induced  shadow,  and  shading  data,  to 
determine  platform  position.  Sueh  a  system  would  be  somewhat  misnamed  as  an 
“ezpert  system",  sinec  an  argument  may  be  given  that  whenever  one  is  optv.-nng 
striedy  according  to  rules,  one  is  actually  opemting  at  the  level  of  an  advanced 
beginner.  A  real  expert,  on  the  other  hand,  is  able  to  create  new  rules  based  on 
experience,  modify  and  find  appropriate  exceptions  to  existing  rules,  and  make 
novel  hypotheses.  However,  a  reasonable  and  achievable  rule-based  system 
could  be  developed  to  cany  out  simple  tasks  and  make  routine  choices.  The  out¬ 
put  from  such  a  system  is  potentially  very  helpful  in  average  situations  that  do 
not  require  any  extraordinary  interpretation  by  a  human  expert  in  radargramme- 
try.  We  shall  term  such  a  system  an  “expert  assistant". 

In  the  case  of  feature  segmentation  for  matching  to  a  given  radar  image,  the 
assistant  would  be  required  to  choose  initial  features,  choose  appropnale  image 
processing,  and  resolve  conflicts  throughout  the  process.  It  would  also  decide 
which  procedural  modules  to  execute,  and  would  evaluate  their  outputs  using  its 
knowledge  base.  The  rules  making  up  the  knowledge  base  must  be  based  on  the 
physics  of  the  imaging  scc-naric,  as  v.-c!!  as  heuristics,  a.".d  "nties  of  thumb”  com¬ 
monly  employed  by  practicing  experts.  It  is  important  to  organize  the  rules  in  a 
hierarchical  fashion.  Figure  (S)  shows  the  hierarchical  structure  by  which  we 
have  developed  an  initial  rule  base. 

The  subgoals  of  such  a  system  would  include  weighting  chosen  features  ac¬ 
cording  to  several  critena.  These  may  include  the  expected  visibility  of  the  fea¬ 
ture,  aiid  its  distinguishability  from  others  that  arc  similar  to  it,  as  well  as  from  its 
background.  The  predictability  of  the  features  appearance,  and  the  complexity  of 
the  matching  process  should  also  figure  into  a  composite  score  for  the  feature. 
Once  all  the  criteria  have  been  evaluated  for  each  candidate  feature,  a  rank  list 
can  be  created  of  the  most  likely  and  productive  features  for  a  matching  process. 


Conclusions 

We  have  demonstrated  that  digital  terrain  and  feature  data  can  be  combined 
with  automated  image  matching  techniques  to  provide  ground  control  informa¬ 
tion  suitable  for  determining  SAR  sensor  platform  position  using  resection  in 
space.  This  method  finds  local  corrections  for  INS  data  which  is  subject  to  drift, 
and  is  applicable  when  GPS  is  not  available. 

The  limitations  of  the  resection  accuracy  are  due  » the  image  resolution,  the 
faithfulness  of  the  INS  compensations  into  the  SAR  phase  histoiy  processing,  the 
accuracies  of  the  features  in  the  database,  and  the  numerical  stability  of  the  resec¬ 
tion  geometry. 

One  of  these  methods  uses  image  processing  techniques  to  automatically  ex¬ 
tract  and  match  radar  shadows  from  a  SAR  image  with  the  predicted  shadows 
that  are  eonsistent  with  and  estimated  sensor  location  relative  to  a  terrain  model. 

Efficient  methods  were  also  developed  for  locating  aibitrary  planimetric  fea¬ 
tures  in  a  SAR  image  for  the  purpose  of  matehing  with  a  digital  feature  database. 
These  matched  features  were  also  used  for  resection.  Present  efforts  no.>  focus 
on  the  dcveli^mcnt  of  a  rule-based  expert  assistant  to  aid  in  the  selection  of  ap¬ 
propriate  planimetric  features  for  such  matching. 
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ABSTRACT 

The  Michigan  Microwave  Canopy  Scattering  Model  (MIMICS)  is  used  to  model 
microwave  scatterometer  data  that  were  obtained  during  the  August  1987  EOS 
Simultaneity  Experiment.  During  this  experiment,  L-,  C-  and  X-band  truck-based 
scatterometers  were  used  to  measure  radar  backscatter  from  a  walnut  orchard  in 
FVesno  County,  California.  Multi-polarization  data  were  recorded  for  orchard  plots 
of  varying  irrigation  levels. 

MIMICS,  a  scattering  model  based  on  radiative  transfer  theory,  is  applied  to 
model  various  data  sets  recorded  during  the  experiment.  Groundtruth  data  are 
used  as  inputs  to  MIMICS  and  the  resulting  modeled  data  are  compared  to  the 
measured  backscatter. 

Data  examined  in  this  study  include  a  series  of  diurnal  measurments  in  which 
a  single  orchard  plot  was  observed  continuously  over  several  24  hour  periods,  a 
multi-angle  data  set  for  which  this  same  plot  was  observed  at  varying  incidence 
angles,  and  a  series  of  data  recorded  on  two  plots  of  different  irrigation  levels. 

In  modeling  the  canopy  backscatter,  MIMICS  accounts  for  scattering  contri¬ 
butions  directly  from  the  trees  themselves,  direct  backscatter  contributions  from 
the  underlying  ground  surface,  and  contributions  resulting  from  interactions  be¬ 
tween  the  trees  and  the  ground.  The  model  is  shown  to  account  for  variations  in 
canopy  backscatter  that  are  driven  by  diurnal  processes  as  well  as  by  the  differing 
irrigation  levels.  The  distribution  of  branch  sizes  and  orientations  within  the  tree 
crowns  is  shown  to  be  an  important  parameter  for  modeling  canopy  backscatter. 
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GLOBAL  ALTIMETER  MEASUREMENTS  OF  EXTREMES  OF 
WIND  SPEEDS  AND  UAVEliEICHTS  AND  THEIR  IMPACT  ON  FORECASTING 
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Applied  Physics  Laboratory 
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Meteorologists  have  long  known  that  weather  patterns  are  cyclical  in 
nature  and  In  nany  cases  these  tracks  can  be  accurately  forecast  within 
statistical  accuracy.  There  are,  however,  nany  cases  when'  accurate 
forecasting  Is  not  possible.  More  Investigation  of  the  spatial  and 
temporal  scales  of  Intense  weather  patterns  may  lead  to  a  better  forecast 
method  or  at  least  augment  the  present  systems. 

This  paper  presents  a  study  of  extreme  wind  speeds  and  wave  heights 
associated  with  Intense  weather  patterns.  Measurements  of  these 
parameters  by  the  Geosat  altimeter  over  a  three  year  period  are  analyzed 
to  determine  spatial  and  temporal  scales.  Scales  and  movement  in  the 
southern  oceans  are  compared  to  northern  patterns.  A  discussion  Is 
presented  on  the  potential  usefulness  of  these  statistics  on  forecasting. 
For  example.  In  a  region  where  Geosat  data  reveals  a  80  percent 
probability  of  storm  formation  within  a  certain  area,  this  region  could 
be  routinely  monitored  using  the  altimeter  data.  The  question  arises 
whether  this  would  be  valuable  to  the  meteorological  community. 
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ABSTRACT 

A  canopy  is  modeied  as  a  two  layered  medium  above 
a  rough  interface.  The  upper  layer  stands  for  the 
forest  crown  which  is  composed  of  leaves  and 
branches.  The  leaves  are  modeled  as  randomly 
oriented  and  distributed  discs  and  needles  for 
deciduous  and  coniferous  forest  respectively.  The 
branches  are  modeled  as  randomly  oriented  finite 
length  dielectric  cylinders.  The  lower  layer 
contains  the  tree  trunks  which  are  modeled  as 
randomly  positioned  vertical  cylinders  above  the 
rough  soil. 

The  radiative  transfer  theory  is  applied  to 
calculate  electromagnetic  scattering  from  such  a 
canopy.  The  total  scattering  coefficient  is 
expressed  in  terms  of  the  scattering  amplitude 
tensors  of  leaves,  branches,  trunks  and  soil.  For 
leaves  the  generalized  Rayleigh  Gans  approximation 
is  applied  to  obtain  the  scattering  amplitude 
tensor.  The  branch  and  the  trunk  scattering 
amplitude  tensors  are  obtained  by  estimating  the 
inner  field  by  fields  inside  a  similar  cylinder  of 
infinite  length.  The  Kirchhoff  method  is  applied  to 
calculate  the  soil  scattering  amplitude  tensor. 

For  a  plane  wave  exciting  the  canopy  the  radiative 
transfer  equations  are  solved  by  iteration  to  the 
first  order  in  albedo  of  the  leaves  and  the  branches. 
Numerical  results  are  illustrated  as  a  function  of 
the  incidence  angle. 

Keywords:  Forest,  leaves  ,  Branches,  Trunks,  Soil 
1.  INTRODUCTION 

A  complete  phenomenological  model  including  the 
leaves  ,the  branches  and  the  trunks  was  developed 
for  forest  stand  (  Richards  et  al,  1987).  In  this 
model  only  one  polarization  was  considered  (HH) 
and  empirical  formula  for  the  backscattering 


coefficients  of  each  forest  component  were  used. 

This  study  is  aimed  at  deveioping  a  complete 
simple  physical  model  for  a  forested  canopy.  In 
such  a  model  the  canopy  is  modeled  by  a  two-layer 
medium  above  a  rough  interface  as  shown  in  Fig.1 
The  upper  layer  stands  for  the  crown  which  is 
composed  of  leaves  and  branches.  The  lower  layer 
stands  for  the  trunks.  The  leaves  will  be  modeled 
by  discs  and  needles  for  deciduous  and  coniferous 
forest  respectively.  The  branches  will  be  modeled 
by  finite  length  cylinders.  The  trunks  will  be 
modeled  by  vertical  cylinders. 

The  backscattering  coefficient  from  such  a  model 
is  obtained  by  applying  the  first  order  solution  of 
the  radiative  transfer  equations  (Karam  and  Fung, 
1982).  Then  numerical  calculations  will  be 
presented  to  illustrate  the  backscattering 
coefficient  as  a  function  of  leaf  type,  orientation 
and  volume  fraction. 

2  -  PROBLEM  FORMULATION 

consider  a  plane  wave  exciting  the  forested  canopy 
in  direction  and  with  q  polarization  ( 

q-Vjfii).  Upon  solving  the  radiative  transfer 
equations  (Karam  and  Fung, 1982),  the  first  order 
backscattering  coefficient  from  the  canopy  can  be 
written  as 

OpqOi)  =ap,(0i,s)  +  ap,(0i,c) 

+a„(0i,C;!:S)  +  ap,  (0i,t^S) 

Where  the  first  term  is  due  to  surface  scattering; 
the  second  term  to  the  crown  scattering  ;the  other 
two  terms  to  the  crown-surface  and  the  trunk- 
surface  scattering  respectively. 
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3- SURFACE  SCATTERING 

The  backscattering  coefficient  due  to  the  surface 
scattering  can  be  written  as, 

O„(8i.s)  =  L,p(0i).L2p(0i)R„L2,(ei).L,,(ei) 

(2) 

Where  Rpq  is  the  surface  backscattering 
coefficient  (  Ulaby  et  al.1982).  Liq(0j)and  L2q  (0i) 
are  the  crown  and  the  trunk  loss  factors 

Lip(0i)  =  e-^''1p(®i)''^1 

l-2p{ei)- ^2  sec  0i  I  (3) 

and  kip{0j)  and  k2p{0j)  are  the  crown  and  trunk 

extinction  coefficients  respectively  (  Karam  and 
Fung, 1989b) 

4  -  CROWN  SCATTERING 

The  crown  backscattering  coefficient  has  the  value 

Op,(  0. )  =  4  rt  cos0i{n,<j  F,p,f>  +  nb<J  Fbp„f>} 
/l-Li^0.).L„(0.)\ 

■\  k,p(0i)+k„(0.)  /I 

Where  n|  and  nj,  are  the  leaf  and  the  branch  number 
densities.  F|pq  and  F[,pq  are  the  scattering 
amplitude  tensors  for  the  leaves  and  the  branches 
in  the  backward  direction.  The  ensemble  average<  > 
is  taken  over  the  leaf  and  branch  orientations. 

5-  THE  CROWN  -  SURFACE  INTERACTION 

The  crown-surface  backscattering  coefficient  is 

Opq  (0; .  G^s  )  =  Opq  (0. .  c-*s)  +  Opp  (0.  ,  s.*c) 

(5) 

Where  the  first  term  is  due  to  scattering  from  the 
crown  followed  by  scattering  from  the  surface.  The 
second  term  is  due  to  scattering  from  surface 
followed  by  scattering  from  the  crown.  The  explicit 
contents  of  these  terms  are 


Op,(0i  ,c*s )  =  4  n  cos0i  .L,p(0i).L2p(0i).RppL2,j[0i) 

Pfapql 

/Lip(0i)-L„(0i)) 

‘\k„(0i)-k,p(ei)/ 


Gtvi  (  0  i  f  s»c)  =  47:  COS0 
PH  * 


/Lip(0i)-L,q(0,) 

■\k,q(0i)-k,p(0i) 


'■L2q(0i) 


(6) 

Where  R’pp  is  Fresnel  reflectivity  and  F'lpq  is  the 
scattering  amplitude  in  the  specular  direction 
(Karam  and  Fung,  1988  ,  1989b)  . 


6-  TRUNK  -  SURFACE  INTERACTION 

The  trunk-surface  backscattering  coefficient  is 
equal  to 

Opq(ei’t:S  )  =Opq  (0i- t-*s  )  +  apq  (0j>  s-^t)  (7) 

The  first  term  is  due  to  scattering  from  the  trunk 
followed  by  scattering  from  the  surface.  The 
second  term  is  due  scattering  from  the  surface 
followed  by  scattering  from  the  the  -trunk.  Since 
the  trunks  have  dimensions  larger  than  the  incident 
wavelength  the  cross  polarized  component  due  to 
trunk  -  surface  interaction  will  vp  ."jh  and  the  like 
cross  polarized  components  will  '  ave  the  value 

Gpp(0i.‘*S)  =  Opp(0i.S-»O 

=  47:H2  n,  [L,p(0i).L2p(0i)] 


(8) 

Where  nj  is  the  trunk  number  density.  F'jpp  is  the 
trunk  scattering  amplitude  in  the  specular 
direction. 


7  -  NUMERICAL  RESULTS  &  DISCUSSION 

This  section  is  aimed  at  investigating  the  effect  of 
the  leaf-type,  volume  fraction  and  orientation  on 
the  backscattering  coefficient.  The  Eulerian  angles 
(a,p,Y)  are  used  to  describe  the  branch  and  the  leaf 
orientations.  The  cylinders  modeling  the  branches 
are  identical  and  have  radius  "a"  and  length  "2h". 
The  branch  dielectric  constant  is  taken  to  be 
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Cb(Sb“''2-4-j4.9).  The  leaves  are  modeled  by 
circular  discs  or  needles  with  radius  "a"  and 
thickness  ''2tMhe  leaf  dielectric  constant  has  been 
given  by  Ulaby  and  El-Rayes(1988)  in  terms  of  the 
leaf  moisture  content(mg>0.46).  In  all  figures  the 
ground  truth  of  the  branches,  the  surface  and  the 
trunks  are  kept  fixed  (the  branches  :  Vf[j=0.1x10‘2, 
0<a<2n,  0<p<  n/6,  -yM),  a««0.025m,  h«0.4m.  the  trunks  : 
nt»0.11m'2,  a«0.12m,  the  surface  :  ka«0.96,  kl-1.9. 
«  H1-H2-10m,  F»9Ghz).  Figs  2  and  3  illustrate  the 
backscattering  coefficient  dependence  on  the  leaf 
orientation.  The  leaves  are  modeled  by  circular 
discs  (  a-0.02m.t-0. 125mm,  Vf|-0.1x10‘2  ).  Figs.  4 

and  5  illustrate  the  backscattering  coefficient 
dependence  on  the  leaf  volume  fraction.  In  these 
figures  the  needle-shaped  leaves  are  used  (  a-1.25 
mm,  t=0.1m  ).  The  volume  fraction  used  in  Fig.  4 
and  Fig.  5  are  O.lxlO‘2  and  0.1x10'^  respectively. 
The  difference  in  backscattering  coefficient  for 
leaves  of  different  types  can  be  recovered  from 
Figs.  3  and  4. 


8.  CONCLUSION 

The  backscattering  coefficient  of  a  forested  canopy 
is  illustrated.  It  is  seen  that  the  backscattering 
coefficient  is  sensitive  to  the  leaf-type, 
orientation  and  volume  fraction. 

ACKNOWLEDGMENT 

This  work  is  r.upported  in  part  by  the  National 
Aeronautics  and  Space  Administration  under  Grant 
NAG5-486  and  in  part  by  the  Texas  Advance 
Research  Program  under  Grant  No.  1861. 

9- REFERENCES 

1.  Karam,M.A.,and  A. K. Fung,"  Propagation  and 
scattering  in  multi-layered  random  media  with 
rough  interface,"  Electromagnetic,  Vol.2,  pp  239- 
256,  1982. 

2.  Karam,  M.A.,  and  A.K.  Fung, "Electromagnetic 
scattering  from  a  layer  of  finite  length,  randomly 
oriented,  dielectric.circular  cylider  over  a  rough 
interface  with  application  to  vegetation",  Int.  J. 
Remote  Sensing,Vol.9,  No.6,  pp  1109-1134,  1988. 

3.  Karam.  M.A.  and  A.K. Fung, "Leaf  Shape  ejects  in 
electromagnetic  scattering  from  vegetation",  IEEE, 
Trans.  Geosci.  Remote  Sensing,  Sent  for 
Publication,  1989b. 

4.  Karam,  M.A.  and  A.K.Fung,  "Electromagnetic  wave 
extinction  within  a  forested  canopy".  Digest  of  Intr. 


Remote  Sensing  Symp.  {IGARSS'89),  This  Issue 
1989a. 

5.  Richard,  J.A.,  G.Q.  Sun,  and  D.  S.  Simonett,"  L- 
band  radar  backscatter  modeling  of  forest  stands", 
IEEE  Trans.  Geosci.  Remote  Sensing,  Vol.  GE-25, 
No.4,  pp  487-498,  1987. 

6.  Ulaby,  F.T.,  R.K.Moore  and  A.K.Fung,  Microwave 
Remote  Sensing,  Active  and  Passive,  Vol.  II 
Addison-Wesley  Publishing  Company,  Reading,  MA. 
pp  936-942,  1982. 

7.  Ulaby,  F.T.  and  M.A,  El-Rayes,"  Microwave 
Dielectric  spectrum  of  vegetation  part  II:  Dual 
dispersion  model",  IEEE  Trans.  Geosci  Remote 
Sensing,  Vol.25,  No.5,  pp  550-557,  19f87. 


z-0 

Crown 


Fig.1  The  problem  configuration 


Fig.2  Scattering  from  a  canopy  with  disc-shaped 
leaves  vertically  oriented 


Rg.3  Scanering  from  a  catxjpy  with  disc-shaped 
ieaves  uniformly  oriented 


Rg.4  Scattering  from  a  canopy  with  needle-shaped 
leaves  uniformly  oriented 


Pig.5  Scattering  from  a  canopy  with  needle-shaped 
leaves  uniformly  oriented 
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Abstract 

Radar  modeling  of  mangal  forest  stands,  in  the  Sundarbans 
area  of  Southern  Bangladesh,  has  been  developed.  The  modeling 
employs  radar  system  parameters  with  forest  data  on  tree  height, 
spacing,  biomass,  species  combinations,  and  water  (including 
slightly  conductive  water)  content  both  in  leaves  and  trunks  of 
the  mangal.  For  Sundri  and  Gewa  tropical  mangal  forests,  six 
model  components  are  proposed,  which  are  required  to  explain 
the  contributions  of  various  forest  species  combinations  in  the 
attenuation  and  scattering  of  mangal  vegetated  nonflooded  or 
flooded  surfaces.  Statistical  data  of  simulated  images  have  been 
compared  with  those  of  SIR-B  images  ^th  to  refine  the  model¬ 
ing  procedures  and  to  appropriately  characterize  the  model  out¬ 
put.  The  possibility  of  delineation  of  flooded  or  non-flooded 
boundaries  is  discussed. 

Key  words:  radar  modeling,  mangal  forest  stands. 


Essential  Characteristics  of  Gewa  and  Sundri  Forests 

Gewa  (Excoecaria  agalloclta)  and  Sundri  (Heritiera  minor 
Syn  H.  formes)  are  mangrove  species.  The  shoots  of  both  arc 
mostly  orthotropic  with  infrequent  diffuse  branches,  which  some¬ 
times  may  branch  from  the  base  in  a  shrub-like  form.  Le,aves 
are  simple  in  shape,  and  broad  in  size  (Tomlinson,  1986).  Gewa 
lacks  any  elabomted  aerial  pans  (nneumaiophores),  which  func¬ 
tion  to  supply  oxygen  to  the  root  system  at  high  tide.  Sundri 
does  have  pneumatophores. 

A  mature  Gewa  tree:  grows  intermittently  and  irregularly, 
up  to  20  meters  high  for  a  mature  tree.  Branching  is  diffuse, 
irregular,  and  by  prolepsis.  Canopy  is  dense  (FAO,  1981). 

A  mature  Sundri  tree,  is  about  10  to  25  meters  tall,  with 
low-branthcs  which  are  thick  and  crooked.  Canopy  is  very 


dense  (FAO,  1981).  Illustrations  of  Gewa  and  Sundri  (pp.  63  - 
64  in  Tomlinson,  1986)  are  of  very  similar  form. 

Gewa  and  Sundri  forest  stands  occur  essentially  and  dom¬ 
inantly  at  the  tidal  mouth  of  the  Baleswar  River  in  southern  Ban¬ 
gladesh,  and  belong  to  closed  broadleaved  woody  tropical  rain 
forests  (FAO,  1981).  Most  of  the  mouth  areas  are  frequently 
flooded  by  fresh  water  during  the  monsoon  rains  (May  -  June  to 
October  -  November,  Chapman,  1977);  with  salt  water  intrusion 
during  the  rest  of  the  year.  Gewa  and  Sundri  forests  are  very 
difficult  of  access  with  soft  footing,  and  extremely  high  canopy 
and  stem  densities.  These  mangrove  forests  (estimated  at  about 
590,(XX)  hectares,  FAO,  1982)  contribute  very  important  forest 
resources  and  environmental  protection  for  Bangladesh:  they  pro¬ 
vide  marketable  products,  and  also  play  roles  as  buffers  for 
storm  surges,  and  tidal  waves  coming  from  the  Bay  of  Bengal 
(Imhoffetal.,  1986). 

Ground  surfaces:  the  soil  is  a  clay  loam  lying  over  alternat¬ 
ing  layers  of  clay  and  sand,  highly  saturated  with  exchangeable 
bases  (Cg**,  K*,  N^,  etc.).  The  salinity  of  the  soil  varies  yearly 
as  a  result  of  the  changing  balance  of  fresh  and  salt  water. 
Chapman  (1977)  pointed  out  that  there  is  a  very  high  soil  salinity 
at  the  beginning  of  the  dry  season,  and  this  factor  considerably 
limits  the  development,  maintenance,  or  regeneration  of  the  less 
halophilous  species  such  as  Sundri,  which  is  on  the  way  to 
extinction  because  of  excessive  salt  water  intrusion.  During  the 
rainy  season  (when  the  SIR-B  image  was  obtained),  the  salinity 
will  be  lower. 

Analysis  of  Ground  Truth  Data 

Ground  truth  data  on  the  Sundri  and  Gewa  forest  in  this 
southern  Bangladesh  site  were  originally  collected  by  a  NASA 
and  Bangladesh  science  team  concurrently  with  the  SIR-B  Mis¬ 
sion  in  October,  1984,  and  subsequently  by  Chaffey  (1985).  A.11 
these  data  were  prepared  by  averaging  measurements  made  for 
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inventory  plots  each  100  *  100  meters  (one  hectare)  in  size,  con¬ 
sisting  of:  1)  a  digitized  forest  stand  map;  2)  DBH  count  distri¬ 
butions  by  diameter  segments  within  one  hectare  area;  3)  tree 
heights  and  canopy  depths  by  their  DBHs;  4)  canopy  biomass  in 
each  DBH  segment;  and  5)  gravimetric  moisture  content  of  cano¬ 
pies  and  trunks. 

.4  digitized  forest  stand  map  containing  different  Sundri  and 
Gewa  stands  was  geo-registered  with  the  SIR-B  images,  as 
shown  in  Table  1.  These  stands  have  different  tree  densities  and 
combinations  of  species  for  each  DBH  segment.  Tlie  ground 
surface  is  either  flooded  or  non-flooded. 

DBH  count  distributions  by  diameter  segments  per  hectare 
are  shown  in  Table  2.  These  are  used  to  generate  random  tree 
trunk  disuibutions  with  varying  DBHs  in  a  simulated  stand  area 
such  as  twenty  hectares  (assumed  in  our  research).  Based  on 
both  the  combination  of  species  and  random  locations  of  the  U'ee 
trunks,  tree  counts  for  each  DBH  segment  of  Sundri  and  Gewa 
in  each  pixel  in  the  stand  area  arc  created. 

Tree  heights  and  canopy  depths  by  their  DBHs  are  derived 
by  regression,  based  on  DBH,  tree  height,  and  canopy  depth,  as 
summarized  in  Table  3.  These  models  have  been  employed  to 
calculate  tree  heights  and  canopy  depths  in  each  simulated  image 
pixel  for  the  whole  forest  stand. ' 

Mean  canopy  biomass  per  tree  in  each  DBH  segment  is  cal¬ 
culated  by  dividing  the  total  biomass  (kg)  by  the  tree  numbers  in 
each  DBH  segment,  as  shown  in  Table  4.  The  biomass  data  is 
further  converted  to  volume  ratio  (m^  /  m^)  (Ulaby,  et  al.,  1986), 
which  is  an  input  parameter  to  compute  attenuation  coefficients 
for  each  simulated  pixel. 

Gravimetric  moisture  content  of  canopies  and  trunks  are 
derived  from  dry  biomass  data  and  wet  biomass  data.  Because 
of  the  lack  of  explicit  data  to  separate  Gewa  and  Sundri,  we 
assume  the  water  content  in  trunks  and  canopies  to  be  the  same 

for  each  species.  The  water  contents  are:  canopy,  p  =  0.402668, 
a  =  0.038955;  and  trunk,  p  =  0.453775,  o  =  0.057921.  Tliese 

data  arc  used  to  compute  the  dielccoic  constants  of  the  canopies 
and  the  trunks  (Ulaby  and  El-Rayes,  1987). 

Modeling  of  Sundri  and  Gewa  Forest  Stands* 

Modeling  components  of  Sundri  and  Gewa  forest  stands,  six 
model  components  are  proposed  (see  Figure  1): 

1  Direct  backscaltering  from  ground  .surface  (short  form 

2  Direct  volume  scattering  from  upper  canopy  (short  form 

^vsu/* 

3  Direct  volume  scattering  from  '  er  canopy  (a^i). 


*:  Upper  and  lower  eanopies  are  defined  a:  canopies  of  trees  whose  DBH 
arc  rcspccuvcly  >=  5.0  cm  or  <  5.0  cm,  the  ...acr  is  also  termed  rcgrowih. 


4  Interaction  of  trunk/ground  forward  reflection  (o,®^), 

5  Interaction  of  Ground/upper  canopy  forward  scattering 
(o*uc).  and 

6  Interaction  of  ground/lower  canopy  forward  scattering 
(Oi’/e). 

The  total  radar  return  is 

t^tot  "  ^dbs  ^vsu  ^vsl  ^ttg  ^guc  ^glc 

tlie  small  perturbation  model  (Dobson  and  Ulaby, 
1986)  is  used  for  both  flooded  and  nonflooded  surfaces,  whose 
roughness  parameters  (roughness  heights  and  correlation  lengths) 
are  assumed  (no  measurement  data  available)  as  h^^a  ~  0.01m, 
=  0.15m;  /ij„,  =  0.02m,  and  =  0.025m,  respectively. 
The  dielecuic  constants  of  the  flooded  surface  is  assume^'  ;o  be 
equivalent  to  1  %  salinity  of  water,  because  of  extensive  jtion 
during  the  monsoonal  rainy  season.  The  dielectric  consiw.t  of 
the  ground  surface  is  also  derived  from  the  mixed  model  of 
Ulaby.  ct  al.,  (1986). 

the  water  cloud  model  (Attcna  and  Ulaby,  1978)  is 
chosen,  this  model  is  simple  and  functional,  and  no  measurement 
data  on  orientations  of  branches  or  leaves  are  available.  The 
extinction  coefficient  is  calculated  for  each  pixel.  The  ratio  of 
the  volume  scattering  coefficient  to  the  extinction  coefficient  is 
assumed  as  0.3,  and  0.4  for  the  upper  and  the  lower  canopy 
layers  respectively,  because  the  lower  canopy  is  denser  than  the 
upper  canopy.  These  values  are  higher  than  those  used  by  Sun 
and  Simonett  (1988):  the  mangal  forest  canopy  is  much  denser 
than  the  pine  forests  of  the  northern  California;  and  Gewa  espe¬ 
cially  may  also  have  a  slight  salinity  inside  leaves  and  branches 
(Snedaker,  personal  communication,  April,  1989).  In  addition, 
the  sensitivity  of  the  model  to  change  in  the  ratio  is  low  as 
shown  by  Richards,  et  al.  (1987). 

a®;:  basically  is  the  same  model  as  o°„,  but  with  different 
densities. 

is  the  specular  scattering  coefficient  of  dielectfic 
cylinders  with  finite  lengths  (Ruck,  et  al.,  1970)  multiplied  by 
the  reflection  coefficient  of  the  surfaces  (flooded  or  nonflooded). 
The  dielectric  constants  of  the  Gewa  and  Sundri  uunks  are  about 
(22.0  -  j  7.0);  (18.5  -  j  5.0),  which  are  derived  from  the  model 
developed  by  Ulaby  and  El-Rayes  (1987)  with  gravimetric  mois¬ 
ture  content,  equivalent  salinity,  and  temperature  as  input.  A 
total  trunk  height  is  calculated  from  the  regression  model,  and 
the  effective  uaink  length  or  the  dielectric  cylinder  length  is  the 
total  length  minus  two  thirds  of  its  canopy  depth.  Also,  for  each 
Ojj,  coherent  summation  of  each  is  performed.  The  phase  pro¬ 
duced  by  range  difference  is  taken  into  account. 

the  same  model  as  used  by  Sun  and  Simonett  (1988). 
Oj®,,.  a  similar  model  as  .above,  except  for  different  densi- 
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ties,  mean  canopy  depth,  and  equivalent  dielectric  constants. 

All  these  model  components  may  or  may  not  be  attenuated 
by  the  upper  and/or  the  lower  canopies,  depending  on  their 
presence  or  not. 

I 

Disctission| 

The  subareas  of  three  .forest  stands  (Table  1)  are  extracted 
from  SIR-B  images  (DT  120  incidence  angle  26®;  and  DT  104 
incidence  angle  46®;  see  also  Imhoff,  et  al.,  1986),  and  the  DNs 
of  the  images  converied  to  relative  radar  backscattering 
coefficients  (dB)  by 

o®  =  10  *  log^DNO  -  Cii)  -  C2; 

where  i  =  1,  2,  corresponding  to  DT  120  and  DT  104.  Cj,  are 
the  noise  levels,  C2,  constants  for  calibration.  Both  Ci,  and 
C2,  were  provided  by  JPL. 

The  boxplots  of  SlR-B  images  are  shown  in  Figures  2  (DT 
120)  and  3  (DT  104),  with  the  modeling  results  plotted  to  the 
right.  From  these  Figures,  we  conclude  that: 

The  fit  of  the  models  to  the  SIR-B  images:  the  distributions 
of  radar  returns  for  each  stand  and  two  incidence  angles  are 
almost  identical.  The  fit  of  the  model  to  the  image  data  is  good. 
There  are  differences  in  the  absolute  values  (the  returns  from  our 
model  is  about  5  to  8  dB  higher  than  the  returns  of  SIR-B 
images).  The  reason  may  be  that  the  models  are  theoretical  solu¬ 
tions  and  each  model  component  is  incoherently  added,  which 
could  produce  higher  values. 

Radar  returns  of  nonflooded  and  flooded  areas:  at  26®  and 
46® degree  incidence  angles,  the  returns  (for  both  SIR-B  images 
and  modeling  results)  from  flooded  surfaces  are  slightly  higher 
than  those  from  nonflooded  surfaces.  However,  the  difference 
appears  to  be  slight  because  of  strong  attenuation  by  the  dense 
canopies.  The  return  difference  from  large  to  small  of  each 
stand  is  in  the  order  of  GS  (highest),  G,  and  SG  (lowest)  stands. 
There  is  insufficient  data  in  Table  2  to  account  for  these 
differences. 

Differences  in  radar  returns  between  different  stands:  there 
are  no  obvious  differences.  We  reason  as  follows:  a)  each  stand 
is  a  mix  of  Sundri  and  Gewa  in  varying  proponions;  b)  the 
number  of  stems  is  very  large,  which  is  of  importance  in  both 
enhancing  the  aSg  (because  of  the  large  number  of  trunks),  and 
in  attenuation  (because  of  the  very  dense  canopy);  and  c)  the 
structure  of  Sundri  and  Gewa  are  similar  to  each  other  (Tomlin¬ 
son,  1986).  The  returns  from  SG  stands  may  be  the  lowest 
because  the  density  of  the  canopy  layer  may  be  marginally 
greater  than  that  of  other  canopies  (see  Table  2). 

Radar  returns  between  two  different  incidence  angles:  the 
mean  (or  median)  are  almost  the  same,  but  with  the  greater  vari¬ 


ance  at  the  smaller  incidence  angle  for  which  there  is  a  shorter 
path  length  through  the  canopy,  yielding  less  attenuation  for  the 
aSg  term.  The  a^g  is  the  main  component  producing  the  vari¬ 
ance  for  mangal:  a  similar  conclusion  was  reached  by  Sun  and 
Simonett  (1988)  for  pine  forest. 

Penetration  of  the  canopy  and  delineation  offloaded  areas: 
there  is  penetration  to  som  'egree,  but  it  is  not  very  obvious. 
The  difference  of  radar  'jms  between  the  flooded  and 
nonflooded  areas  of  both  the  SIR-B  images  and  modeling  results 
are  around  0.5  -  2.0  dB.  This  is  probably  not  large  enough  to 
delineate  the  flooded  boundaries  with  confidence,  because  of  the 
high  intrinsic  variance  in  SIR-B  images. 

Relative  importance  of  six  model  components:  the  dominant 
model  components  are  OSg,  and  a?,i,  which  are  roughly 
equal  for  nonflooded  surfaces.  For  flooded  surfaces  cSg  is 
increased,  and  and  are  unchanged.  In  areas  where 
there  are  some  natural  clearings  which  lack  the  dense  canopy 
layer,  a^g  is  clearly  dominant.  We  especially  note  the  high 
returns  from  those  forest  edges  which  face  the  radar  illumination 
direction.  This  feature  has  also  been  widely  observed  in  short 
wavelength  images  of  forest  edges. 
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Table  3.  Regression  models 

Height  (m)  on  diameter  (cm)  for  Gewa 

Regression  models 

R?  value 

Gewa 

Hg  =  5.549  -t  0.258  •  Dg 

6.505 

Sundri 

Hs  =  4.769  +  0.414  *  Ds 

0.672 

Table  1.  Stand  samples  extracted  from  SIR-B  images 


HBIBi 

Ground  conditions 

Samples  (line  *  sample) 

Touil  pixels 

SGn 

nonflooded 

(10  •  10),  (10  •  10),  (11*6) 

266 

SGf 

flooded 

(4  •  12).  (10  •  10).  (12  •  12) 

292 

GSn 

nonflooded 

a  •  20).  (18  •  9) 

302 

GSf 

flooded 

(17  •  19),  (5  •  12) 

383 

Gn 

nonflooded 

(10  •  10).  (10  •  10).  (10  •  5) 

250 

Gf 

flooded 

a  *  25).  (16  •  7) 

287 

SGn  is  a  stand  with  Sundri  dominant  and  with  Gewa  present  for  a 
nonllooded  surface;  GSn  has  Gewa  dominant  and  with  Sundri  present  on 
nonlloodcd  surfaces;  and  so  on  (See  also  Table  2  for  stand  characteris¬ 
tics). 


Table  2.  DBH  (cm)  counts  of  each  stand  per  hectare 


SUAdt 

<49 

1 

5.-9.9 1 10.-14.9 

15..19.9 

20-24  9 

23.-29.9 

30-34.9135  -399 

SG 

SuAdn 

42560 

816 

319 

125 

52 

17 

2  1 

Gewt 

1340 

493 

230 

72 

16 

5 

0  0 

GS 

Sundfi 

42560 

502 

IM 

78 

21 

6 

1  1 

G«w« 

1340 

1084 

458 

98 

15 

2 

0  1 

G 

Sundri 

42560 

142 

34 

16 

8 

2 

0  3 

Gewa 

1340 

1769 

575 

136 

26 

2 

5  4 

Source:  Chaffey,  ct  al.,  (1985). 


Table  4.  Mean  canopy  biomass  (kg)  per  tree  for  each  DBH  segment 


DBH  segment 
cm 

Gewa 

Species 

Sundri 

<4.9 

2.9 

2.6  ' 

5.0  -  9.9 

6.1 

13.0 

1C.0  -  14.9 

12.9 

39.8 

15.0  - 19.9 

27.6 

74.9 

20.0  •  24.9 

58.8 

86.3 

25.0  -  29.9 

125.4 

86.3- 

30.0  -  34.9 

267.5 

86.3- 

35.0  -  39.9 

393.5 

86.3- 

*;  Two  sources  of  data  were  used  to  construct  this  table.  In  the  field 
canopy  bioma.'s  measurements  were  made  by  a  NASA  and  Bangladesh 
Science  Team  in  October,  1984.  For  that  daut,  there  were  no  Sundri 
uees  whose  DBHs  were  over  25.0  cm.  The  second  source  of  data  was 
Chaffey,  et  al.,  (1985),  for  the  same  area.  They  mapped  the  area  into 
segments  of  different  DBHs,  including  DBH's  exceeding  24.9  cm.  How¬ 
ever,  they  did  not  derive  any  measurements  of  canopy  biomass.  On 
merging  the  two  data  sets,  the  three  highest  DBH  segments,  lacked 
canopy  biomass  daUt.  The  same  values  as  for  20.0  -  24.9  cm  were  there¬ 
fore  employed. 


Canopy  thickness  (m)  on  diameters  (cm) 


Regression  models  value 

Gewa 

Cg  =  1.840 -f  0.188  *  Dg  0679 

Sundri 

Cs  =  1.768  +  0.331  •  Ds  0.589 

Fig.  1.  Model  components  of  Sundri  and  Gewa  forest  stands 


(watei-on  or  waler-olf) 


Fig.  2.  Boxplots  of  forest  stands  for  DT  120 


Flooded  and/or  nonflooded  surfaces 
Fig.  3.  Boxplots  of  forest  stands  for  DT  104 


Flooded  and/or  nonflooded  surfaces 
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!  X-BAND  BACKSCATTER  MODELING  OF  ORCHARD  CANOPY 


N.S.  Chauhan 


R.H.  Lang^ 


The  George  Washington  University 
Washington  D.C.  20052  USA 


NASA  Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771  USA 


A  microwave  backscatterlng  model  In  the  X-band 
frequency  regime  has  been  developed  for  a  tree 
canopy.  The  branches  and  tree  trunks  have  been 
replaced  by  randomly  oriented,  finite,  lossy, 
homogeneous  dielectric  cylinders.  The  leaves  are 
represented  by  flat  dielectric  discs  whose  area  and 
orientation  distributions  are  prescribed. 

The  vector  radiative  transfer  equations  are  used 
to  calculate  the  backscatterlng  coefficients  as  a 
function  of  incident  angle.  The  phase  and  extinction 
matrices  ace  computed  by  averaging  the  scattering 
amplitude  of  trunks,  branches  and  leaves  over  their 
size  and  orientation  distributions.  The  scattering 
amplitudes  have  been  determined  by  using  a  physical 
optics  approximation.  For  high  frequency  waves,  the 
scattering  amplitude  of  the  disc  peaks  In  the  forward 
and  reflected  directions.  In  the  case  of  a  cylinder 
the  scattering  peaks  In  a  cone  around  the  cylinder. 
These  peaked  scattering  amplitudes  are  Integrated 
over  their  size  and  orientations  to  get  the  phase  and 
the  extinction  matrices.  Because  of  Che  peaked 
nature  of  Che  scattering  amplitudes,  the  evaluation 
of  the  averages  is  simplified.  The  resulting  phase 
matrix  has  a  peak  in  the  forward  direction.  Finally, 
Including  the  peaked  phase  matrix  in  the  vector 
transport  equations,  the  backscatterlng  coefficients 
fcr  the  canopy  are  obtained  by  following  eigenvalue 
technique  to  solve  the  transport  equations. 


The  theoretical  backscatterlng  calculations  have 
been  performed  for  both  horizontal  and  vertical 
polarizations  for  realistic  ground  truth  and  canopy 
geometry  parameters.  Unlike  at  L>band,  the  leaves  at 
X-band  play  an  Important  role  as  a  scatterer.  For 
trees  having  a  reasonable  value  of  leaf  area  Index 
(lAI) ,  the  leaves  give  a  significant  contribution  to 
the  backscatterlng.  These  results  concur  with  the 
seasonal  variations  in  backscatter  observed  by  many 
researchers  for  deciduous  trees.  Also,  as  the  angle 
of  incidence  becomes  large,  the  skin  depth  decreases 
and  this  Is  reflected  in  the  behavior  of  the 
backscatterlng  coefficient.  The  computed  and 
experimental  values  of  backscatterlng  coefficients  at 
X-band  show  a  reasonable  agreement. 


*Oil  sibbttlcal  l*»v«  fioo  O«or|t  Haihlnslon  Unlvatilt..- 
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Wave  Scattering  Research  Center 
Dept,  of  Electrical  Engineering  ,  Box  19016 
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ABSTRACT 

A  forested  canopy  is  modeled  by  a  collection  of 
randomly  oriented  finite  length  cylinders  shaded 
by  randomly  oriented  and  distributed  disc-shaped 
or  needle-shaped  leaves.  For  a  plane  wave 
exciting  the  forested  canopy  ,  the  extinction 
coefficient  for  such  a  forested  canopy  is 
formulated  in  terms  of  the  extinction  cross 
sections  in  the  local  frame  of  each  forest 
component  and  the  orientation  angles.  The 
Eulerian  angles  of  orientation  are  used  to 
describe  the  orientation  of  each  forest 
component. 

For  the  finite  length  cylinders  used  to  model  the 
branches,  their  extinction  cross  sections  in  the 
local  frame  are  obtained  by  employing  the 
forward  scattering  theorem.  For  the  disc-shaped 
and  needle-shaped  leaves  their  extinction  cross 
sections  in  the  local  frame  are  obtained  by  the 
summation  of  the  absorption  and  the  scattering 
cross  sections. 

The  behaviors  of  the  extinction  coefficients  with 
the  incidence  angle  are  investigated  numerically 
for  both  deciduous  and  coniferous  forest.  The 
dependencies  of  the  extinction  coefficients  on  the 
orientation  of  the  leaves  are  illustrated 
numerically. 

Key  words;  Branches,  leaves.  Extinction  loss. 

1  -  INTRODUCTION 

In  a  previous  study  (Karam  and  Fung, 1989a) 
mathematical  models  had  been  developed  to 
investigate  the  role  of  each  forest  components  on 
the  extinction  of  the  electromagnetic  wave  in  the 


microwave  band.  It  was  found  that  the  finite- 
length  cylinder  model  for  the  branches  along  with 
the  forward  scattering  theorem  gives  a  good 
estimate  for  the  branch  extinction  loss.  As  to  the 
leaves  needle-shaped  and  the  disc-shaped  models 
along  with  the  quasi-static  approximation  for  the 
inner  field  can  provide  accurate  extinction  losses 
by  summing  the  scattering  and  the  absorption 
losses. 

This  study  is  aimed  at  developing  a  model  for  the 
extinction  properties  of  a  forested  canopy.  The 
canopy  will  be  modeled  as  a  collection  of 
randomly  oriented,  finite-length  cylinders  for 
the  branches  and  randomly  oriented  needles  or 
discs  for  the  leaves.  Since  the  leaves  and  the 
branches  are  sparsely  distributed  Van  de  Hulst's 
formulation  (Van  de  Hulst  ,1957)  will  be  used  to 
obtain  the  canopy  extinction  coefficient  in  terms 
of  the  extinction  cross  section  of  the  leaves  and 
the  branches.  The  branch  extinction  cross  section 
will  be  formulated  in  terms  of  a  branch  local 
scattering  amplitude  in  the  forward  direction.  The 
leaf  extinction  cross  section  will  be  formulated 
as  the  sum  of  its  scattering  and  absorption  cross 
sections  in  the  local  frame. 

Finally,  numerical  calculations  will  be  presented 
to  illustrate  the  extinction  coefficient  behaviors 
with  respect  to  the  leaf  type  ,  orientation,  and 
the  incident  angle. 

2  -  PROBLEM  FORMULATION 

Consider  a  forested  canopy  which  is  composed  of 
sparsely  distributed  leaves  and  branches. 
According  to  Van  de  Hulst  (1957)  the  extinction 
coefficient  is  the  sum  of  the  extinction  cross 
section  of  the  individual  leaves  and  the  branches 
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per  unit  volume.  For  a  plane  wave  exciting  the 
canopy  with  q  polarization  (  q-Vj,hj  )  ,  the 
extinction  coefficient  is 

Kq(i)  =  nblcb^(i)  +  niki<,(i) 

(1) 

Where  i  is  the  incident  direction  ;  n[j  and  n|  are 
the  number  of  the  branches  and  the  leaves  per  unit 
volume,  kbq(i)  and  k|q(i)  are  the  branch  and  the 
leaf  cross  sections  in  the  reference  frame. 

3  -  THE  BRANCH  EXTINCTION  CROSS  SECTION 

The  branch  extinction  cross  section  can  be 
obtained  by  applying  the  forward  scattering 
theorem  (Karam  and  Fung  ,1982  )  yielding 


kbq(i)  =  ^  Im 


P=v,h 


(2) 


In  (2)  .  Im  is  the  imaginary  part  operator  ,  k  is  the 
background  medium  wave  number,  F'pq  (i,i)  is  the 
branch  local  scattering  amplitude  in  thb  iorward 
direction  and  p'j  (  p'j  -v'j  ,  h'j  )  is  the  incident 

polarization  vector  in  the  local  frame.  Its  relation 
with  the  orientation  angle  and  the  polarization 
vectors  in  the  reference  frame  has  been  given  by 
Karam  and  Fung  {  1989b  ).  From  (2)  ,  the 
extinction  cross  sections  for  the  vertical  and 
horizontal  polarization  are 


4rt  r  •  .  2  .  .21 

kb,  (i)  =  p  i ,  i ) .  ( Vj.  V; )  +  Fb,j(  i .  i ) .  ( hi-v.-)  J 

kbh  (i)  =  p  Im  [f' i ,  i ) .  ( v’i.  hi  Fb^  i ,  i ) .  ( h;.hi  )^] 


(3: 


The  values  of  the  scaifering  amplitudes  in  the 
forward  direction  are  available  from  Karam  et  al( 
1988). 


4  -  THE  LEAF  EXTINCTION  CROSS  SECTION 


The  leaf  extinction  cross  section  can  be  obtained 
by  summing  the  scattering  kgqO)  and  the  ohmic 
kaq(i)  cross  sections  as 

k|q(i)  —  kjq(i)  +kjq(i)  (  4  ) 


with 

k«,(i)  =  k„(i).[vi.qi] 
k.q(i)  =  k„(i)  -[vi-qi] 


(5) 


k’sq(i)  and  k'aq(i)  are  the  scattaring  and  the 
absorption  cross  sections  in  the  leaf  local  frame 
for  q  polarization  (  q  =■  Vj.hj  )  (  Karam  and  Fung  , 
1989a) 


5  -  NUMERICAL  RESULTS  AND  DISCUSSION 


This  section  is  aimed  at  investigating  the  effect 
of  each  forest  component  on  the  canopy  extinction 
coefficient.  The  Eulerian  angles  (  a  ,p  ,7 )  are  used 
to  describe  the  branch  and  the  leaf  orientation  ( 
Fig.1).  The  cylinders  modeling  the  branches  are 
identical  and  have  volume  fraction  Vf  p 

(Vfij=0.1x10*2) ,  radius  "  a  "(a=0.25m-)  ,  length  "2h 

"(h=0.4m  )  and  dielectric  constant  Sp  (£5=12.4-) 
4.9  ).  The  leaves  are  modeled  by  circular  discs  or 
needles  with  volume  fraction  V{|(  Vf|=0.1x10'2)  , 
radius  "  a  ”  and  thickness  "2t". 

For  discs  we  let  a=  0.02m  ,  t=  0.125mm  ;  and  for 
needles  we  let  a=1.25  mm  ,  t=0.1m.  The  leaf 
dielectric  constant  has  been  given  by  Ulaby  and 
El-  Rayes  (  1988)  in  terms  of  the  leaf  moisture 
content  (mg  =0.46).  In  all  the  following  figures  , 
the  branches  and  the  leaves  are  assumed 
uniformly  oriented  so  that  0<  a<2tt  and  Y=0.  Fig.  2 
illustrates  the  branch  extinction  coefficient 
behavior  versus  the  incident  angle.  The  branches 
are  vertically  oriented  (  0°  <  p  <  30°  ).  It  is  clear 
that  both  polarizations  have  the  same  value  for 
the  extinction  coefficient.  By  increasing  the 
incidence  angle  ,  the  extinction  coefficient  will 
increase  but  its  value  for  horizontal  polarization 
will  be  lower  than  its  value  for  vertical 
polarization.  The  dependence  of  the  extinction 
coefficient  on  leaf  type  is  illustrated  in  Figs.  3 
and  4.  In  Fig.  3  the  disc-shaped  leaves  (  0°<  p  < 
90°)  and  cylindrical  branches  are  considered.  In 
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Fig.  4  the  needle-shaped  leaves  with  the  same 
orientation  ,  volume  and  volume  fraction  as  the 
disc-shaped  leaves  are  considered.  Both  the 
relative  level  and  the  trend  of  the  extinction 
coefficient  depend  on  the  leaf  type.  In  Fig.  5 
disc-shaped  leaves  vertically  oriented  (  60°  <  P  < 
90°  )  are  added  to  the  branches  to  illustrate  the 
variation  of  the  extinction  coefficient  with  the 
leaf  orientation. 

6  -  CONCLUSION 

The  dependence  of  the  level  and  the  trend  of  the 
extinction  coefficient  on  each  forest  component 
is  illustrated.  It  is  seen  that  the  extinction 
coefficient  is  sensitive  to  the  leaf  type  and  leaf 
orientation. 
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Fig.  1  The  Eulerian  angles  of  orientation 


Fig.2  The  extinction  coefficient  for  branches 


Fig.3  The  extinction  coefficient  for  branches 
and  disc-shaped  leaves 


EXTINCTION  COEFFICIENT  (n/m) 
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Flg.4  The  extinction  coefficient  for  branches 
and  needle-shaped  leaves 


and  disc-shaped  leaves 


SPECTRAL  REFLECTANCE  PROPERTIES  OF  LICHENS: 
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The  Canadian  Shield  and  other  high-latitude  regions  are  ideally  suited  for  mapping 
and  exploration  by  remote  sensing  means.  To  date,  the  laboratory  spectral  information 
necessary  for  effective  analysis  of  remote  sensing  data  from  cold  desert  regions  has  been 
lacking.  An  examination  of  the  spectral  reflectance  proi^tties  of  a  range  of  materials  common 
to  the  Canadian  Shield  was  undertaken  in  order  to  provide  an  initial  data  base  for  more 
effective  high-latitude  and  alpine  spectral  remote  sensing. 

The  focus  of  the  project  has  been  on  geological  materials,  but  lichen  can  cover 
significant  portions  of  outcrops  and  are  the  most  common  obscuring  material  in  these  regions. 
The  laboratory  spectral  reflectance  properties  of  a, number  of  lichen  were  measured  for 
comparison  with  adjacent,  lichen-free,  weathered  rock  spectra.  Eventually  it  is  hoped  to  be 
able  to  separate  the  rock  and  lichen  spectral  signatures  and  individually  map  the  distributions 
of  different  rock  units  and  lichen  species  by  remote  sensing  means. 

Lichen  spectra,  regardless  of  type,  have  a  number  of  features  in  common.  The  abrupt 
increase  in  reflectance  in  the  visible-near  infrared  seen  in  vascular  plants  ("red  edge")  is  very 
suppressed  in  lichen  spectra,  and  appears  as  a  gradual  rise  in  reflectance  towards  the  neat 
infrared.  The  shortest  wavelength  absorption  band  is  a  distinct  band  or  shoulder  at  '0.68um 
due  to  chlorophyll  absorption.  A  more  definable  absorption  feature  is  a  broad,  ubiquitous 
band  near  l'.4SMm,  probably  due  to  the  water  present  in  the  lichen.  Its  wavelength  position 
and  shape  differs  markedly  from  a  similar  band  in  weathered  and  unweathered  rock  spectra. 

A  band  of  variable  strength  is  seen  near  1.7|jn,  and  has  previously  been  identified  as 
combinations  and  overtones  of  various  C-H  stretching  fundamentals.  It  is  present  in  all 
lichen,  the  vast  majority  of  biological  organism,  and  fossilized  hydrocarbon  spectra. 

Beyond  1.7«  are  a  number  of  absorption  bands  superimposed  on  a  gradual  decrease  in 
reflectance.  These  bands  are  present  near  1.9. 2.1, 2.3,  and  2.Svm.  The  1.9«im  band  is  due  to 
water  and  is  also  seen  in  hydrated  minerals  such  as  clays,  and  hence  is  not  uniquely  diagnostic 
of  lichen,  although  high  spectral  resolution  data  can  differentiate  them.  The  bands  at  2.1,  2.3 
and  l.Sd'm  are  cellulose  and  other  organic  absorption  bands.  The  wavelength  positions  of  these 
bands  do  not  vary  among  different  lichens.  A  number  of  minerals  also  have  absorption  bands 
in  the  2.1-2.S;(m  region,  most  notably  carbonates  and  clays,  but  the  shapes  and  positions  of 
the  mineral  bands  do  not  exactly  coincide  with  those  of  the  lichen  and  hence  are  potentially 
resolvable. 

Lichen  spectra  are  sufficiently  unique  that  identification  of  lichen  by  remote  sensing 
means  is  feasible,  given  adequate  spectral  resolution.  The  l.T^m  absorption  band  in  particular 
may  prove  useful  in  determining  areal  lichen  coverages  because  it  is  not  significantly  affected 
by  common  mineral  absorption  bands.  The  higher  wavelength  cellulose  absorption  bands  may 
aiso  prove  Useful  for  lichen  discrimination,  but  interferences  by  mineral  bands  will  require  the 
application  of  sophisticated  spectral  deconvolution  techniques.  Discrimination  of  different 
lichen  types  may  be  possible  using  features  in  the  visible  spectral  region,  although  the  effects 
of  mineral  absorptions  may  be  problemauc.  The  preliminary  results  are  promising  enough  to 
suggest  that  quantiutive  geological/biological  remote  sensing  mapping  of  high  latitude  and 
alpine  regions  is  an  attainable  goal. 

Acknowledgements:  This  project  was  supported  by  Grants-in-Aid  from  the  University  of 
Alberta  Boreal  Institute  for  Northern  Studies,  and  the  Geological  Society  of  America 
(#3741-87). 
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ABSTRACT 

Previous  investigations  have 
successfully  used  the  near-IR/red  ratio 
to  map  the  concentration  of  hydroxyl¬ 
bearing  minerals  in  imagery  of  sparsely- 
vegetated  terrain  and  semi-arid  regions 
whore  there  is  a  wide  variation  in 
vegetation  density.  However, 
difficulties  arise  in  applying  this  near- 
IR/red  ratio  particularly  for  geological 
mapping  in  tropical  regions  where  the 
area  is  masked  by  vegetation.  For  areas 
which  are  covered  by  vegetation  and  where 
rock  outcrops  are  rare,  the  standard 
image  processing  techniques  do  not 
improve  •  images  for  geological 
interpretation.  A  disadvantage  of 
ratioing,  related  to  its  ironing-out  of 
topographic  effects,  is  that  it 
suppresses  differences  in  albedo. 
However,  this  0.57|im/0.88^m  ratio 
technique  preserves  the  topographic 
details  and  has  proved  useful  in 
geological  studies  in  a  vegetated 
terrain.  In  the  present  study  band 
3/band  7  (0.57^m/0.88(un)  data  from  the 
Airborne  Thematic  Mapper  (ATM)  of  the 
Assynt  district,  in  north-west  Scotland, 
is  used  in  geobotanical  studies  and  has 
enabled  us  to  improve  the  existing 
geological  maps.  In  this  study  this 
ratioing  technique  has  successfully  been 
applied  in  the  identification  of 
geobotanical  relationship. 

Keywords:  Near-IR/red  ratio,  band  3/band 
7  ratio.  Airborne  Thematic  Mapper, 
geobotanical  relations. 

1.  INTRODUCTION 

Band  ratioing  is  a  standard  image 
orocessing  technique  that  suppresses 
spatial  radiance  variations  that  are 
proportionally  constant  between  bands  and 
are  generally  attributable  to  terrain 
illumination,  ground  albedo  and  look- 
angle  effects.  Band  ratioing  commonly 
thereby  enhances  spatial  radiance 
variations  that  are  not  proportionally 
constant  between  bands  and  are  generally 
more  informative  in  terms  of  surface 
composition  (Crippen  1988) ,  This  paper 


explains  the  band  3/band  7  ratioing 
technique  of  ATM  data  and  discusses  its 
geological  applications. 

The  most  important  property  of  a  ratio 
image  is  that  features  in  the  spectral 
signature  curve  of  a  particular  surface 
material  are  accentuated.  If  the  bands 
used  are  chosen  to  cover  peaks, 
2U3aorption  troughs  and  changes  in  slope 
on  the  curve,  then  they  can  be  combined 
in  pairs  as  ratios  to  express  aspects  of 
the  spectral  signature  of  the  material. 
The  simplest  example  relates  to 
vegetation.  Plant  spectra  are 
characterised  by  a  combination  of  the 
chlorophyll  absorption  feature  in  the  red 
part  of  the  spectrum  and  the  strong 
reflection  of  infrared  in  the  0.7-1. 2  |im 
range  by  living  cells.  In  images  of 
Landsat  MSS  band  5  and  band  7  the  pixels 
containing  a  high  proportion  of  plants 
will  appear  dark  and  light,  respectively. 
In  a  standard  false-colour  composite 
image  they  will  stand  out  from  bare  soil 
or  rock  as  strongly  red  coloured  areas. 
Within  these  fairly  obvious  areas  may  be 
all  sorts  of  variations.  The  proportion 
of-  a  single  species  relative  to  soil  may 
change  from  place  to  place.  Soil 
moisture  or  other  environmental 
variations  may  affect  the  health  and 
spectral  properties  of  the  species.  In 
images  expressing  only  data  from  various 
wavebands  these  differences  are  often 
concealed,  simply  because  the  human  eye 
has  a  limited  range  of  perception. 
However,  the  effect  of  the  surface 
variations  is  to  change  the  structure  of 
the  spectral  reflectance  curve.  In 
particular,  the  depth  of  the  chlorophyll 
absorption  feature,  the  peak  height  of 
infrared  reflectance  and  the  gradient  of 
the  curve  between  red  and  infrared  will 
change.  Very  small  changes  in  these 
pareuneters  have  a  disproportionately 
large  effect  on  the  ratio  of  band  7  to 
band  5,  so  they  become  easier  to  evaluate 
on  the  ratio  image.  Ratio  images  of 
different  kinds  are  used  in  vegetation 
studies  to  estimate  the  proportion  of 
leaf  cover  and  to  help  in  classifying  and 
discriminating  between  different  species 
(Drury  1987) .  But  when  band  ratio 
techniques  are  being  applied  in 
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geobotanical  studies,  where  the  emphasis 
is  on  the  identification  of  the  relation 
between  vegetation  and  bedrock  geology, 
then  the  vegetation  index  provided  by  the 
ihfrared/red  ratio  image  does  not  provide 
an  opportunity  for  the  identification  of 
geobotanical  information.  However,  in 
the  present  study  the  xed/infrared  ratio 
images  have  been  found  more  useful  for 
the  identification  of  geobotanical 
information. 

Plants  depend  on  the  underlying  soils 
and  rocks  for  their  supply  of  water  and 
nutrients.  In  their  natural  state  they 
are  sometimes  excellent  indicators  of 
geology  in  humid  terrains.  This  may  be 
due  to  certain  rocks  providing  favourable 
conditions  for  growth,  but  in  some  cases 
the  substrate  actually  threatens  the 
health  of  plants.  This  may  be  due  to 
anomalously  high  concentrations  of  toxic 
elements,  as  might  be  the  case  in  the 
vicinity  of  certain  mineral  deposits. 
More  commonly,  however,  stressed 
vegetation  is  merely  a  response  to  either 
waterlogging  or  a  shortage  of  water,  in 
which  case  it  is  generally  a  seasonal 
phenomenon.  Different  plants  have 
different  tolerances  to  environmental 
str'ess,  so  another  geologically  related 
feature  of  vegetation  is  the  development 
of  plant  communities  specific  to 
particular  geological  conditions.  Both 
types  of  biological  indicator  can  be 
examined  most  successfully  using  ratio 
techniques  (Drury  1987) . 


To  demonstrate  the  utility  of  this 
visible/infrared  ratio  technique  an  area 
of  part  of  the  Assynt  district,  north¬ 
west  Scotland,  has  been  selected. 


2.  THE  STUDY  AREA 

In  the  Ordnance  Survey  National  Grid  the 
Inchnadzunph  area  comes  on  sheet  number  15 
(Scale  1:50000)  between  223000  to  229000 
easting  and  919000  to  924000  northing. 
Apart  from  small  patches  of  bare  outcrop 
and  active  screes,  the  area  is  completely 
vegetated,  the  dominant  cover  being  a 
mixture  of  ericaceous  heaths,  sedges, 
fescue  grasses,  sparse  thyme  bushes  and 
variable  proportions  of  mosses. 


The  area  is  a  part  of  a  large  antiformal 
stack  within  the  duplex  of  the  Moine 
Thrust  Zone.  The  lithologies  include 
Archaean  to  mid-Proterozoic  acid- 
intermediate  banded  gneisses  and  mafic- 
ultramafic  complexes  of  the  Lewisian, 
late-Proterozoic  feldspathic  sandstones 
of  the  Torridonian,  deformed  Moinian 
semi-pelitic  metasediments,  Cambrian  to 
Ordoviclsn  politics  end 
carbonates,  and  a  variety  of  silicic  and 
peralkaline  intrusive  masses  of  Silurian 
to  Devonian  fi'i,  as  well  as  numerous 
basic  dykes,  ranging  in  age  from  early- 
Proterozoic  to  Tertiary. 


3.  ATM  DATA  OF  IMCHNADAMPH  AREA 

Digital  data  which  have  been  used  in 
this  study  comprise  N-S  overlapping 
swaths  from  the  Daedalus-1268  line 
scanner  flown  on  behalf  of  the  Natural 
Environment  Research  Council  (NERC)  and 
characteristics  of  the  instrument,  which 
is  described  as  the  Airborne  Thematic 
Mapper  (ATM) ,  are  described  by  Williams 
(1984)  . 

4.  RESULTS  AND  DISCUSSION 

Figures  1  to  4  show  band  3,  band  7,  band 
ratio  3/7  and  band  ratio  7/3  images, 
respectively.  Comparison  between  images 
of  the  band  ratios  7/3  and  3/7  clearly 
illustrate  the  improved  quality  of  the 
band  ratio  3/7  image  (Figure  4)  .  The 
reverse  of  band  ratio  7/3  reverses  the 
grey  values  of  pixels.  As  discussed 
earlier,  the  band  ratio  7/3  reduces  the 
topographic  effects  but  does  not  improve 
the  image  for  geobotanical 

interpretation.  Sometimes  when  the 

terrain  under  investigation  is  not  very 
< rugged  then  the  shadow  effects  provide 
better  opportunity  in  geological 
interpretation.  In  these  circumstances 
an  image  provided  by  the  band  ratio  7/3 
is  less  helpful  whereas  the  betnd  ratio 
3/7  image  provides  both  topographic  and 
vegetation  information. 

Table  1:  Statistical  analysis  of  band  ratios  3/7  and  7/3. 


Variables 

Mean 

Standard 

Deviation 

Minimum 

value 

Maximum 

value 

Bands 

72.2 

17.0 

5 

252 

Band  7 . 

80.3 

26.3 

5 

180 

Band  ratio  3/7 

101.2 

44.86 

0 

255 

Band  ratio  7/3 

110.3 

28.80 

24 

255 

A  statistical  analysis  of  both  ratio 
images  reveals  the  distribution  of  pixel 
values  between  0  and  255.  The  minimum 
and  maximum  pixel  values  of  the  band 
ratio  7/3  image  are  24  and  255 

respectively  whereas  in  the  band  ratio 
3/7  image  these  values  are  0  and  255 
respectively.  A  comparison  between  the 
standard  deviations  for  the  two  ratios 
suggests  that  the  pixel  values  of  band 

ratio  3/7  are  more  widely  distributed 
than  those  of  band  ratio  7/3,  see  table 
1. 

The  correlation  between  these  two  band 
ratios  reveals  the  nature  of  the 
distribution  of  pixel  values  in  the  range 
0  to  255.  A  bivariate  plot  of  both 

ratios  provides  an  opportunity  to 
understand  the  relation  between  these 
band  ratios,  see  Figure  5.  As  Figure  5 
illustrates,  these  ratios  are  not  simply 
inversely  proportional  to  one  other.  At 
both  the  top  and  bottom  range  of  grey 

levels  the  relation  between  these  ratios 
varies.  This  also  emphasises  that  the 
grey  values  in  both  ratio  images  are  not 
exactly  the  reverse  of  one  other.  The 


variations  in  the  lower  range  of  9rey 
levels  of  the  pixels  for  these  ratios 
also  explains  the  occurrence  of 
variations  in  the  standard  deviations  and 
the  images  themselves. 

Visual  interpretation  of  both  ratio 
images  and  their  comparison  with  existing 
geological  maps  illustrates  that  the  band 
ratio  3/7  image  reveals  more  information 
then  the  band  ratio  7/3  image.  For 
example,  Fucoids  beds  (see  Figure  6) 
south  of  Inchnadamph  in  the  3/7  ratio 
image  can  be  recognised  whereas  with 
surrounding  rocks  these  beds  do  not 
provide  contrasting  signatures  (Figure 
3)  .  The  boundary  between  Lewisian  Gneiss 
and  Basal  Quartzite  (see  Figure  6)  can  be 
identified  easily  in  the  band  ratio  3/7 
image;  however,  this  boundary  is  not 
clear  in  7/3  band  ratio  image.  Other 
important  features  such  as  folded  beds  of 
Basal  quartzite  and  Lamprophyres  can  be 
mapped  in  detail  in  the  band  ratio  3/7 
image.  Recent  sediments  and  slightly 
older  sediments  which  are  covered  by 
vegetation  provide  contrasting  spectral 
signatures  in  the  band  ratio  3/7  image. 
The  area  south-east  of  Inchnadamph  is 
partially  covered  by  peat,  but  in  recent 
years  due  to  more  exploitation  of  peat 
beds  the  underlying  Durness  Limestone  is 
being  exposed  and  therefore  it  is 
difficult  to  compare  this  particular  area 
in  images  with  existing  geological  maps. 
However,  on  the  basis  of  information 
available  from  recent  remotely-sensed 
images,  existing  geological  maps  can  be 
improved.'  It  is  important  to  notice  that 
these  ratio  images  also  provide 
information  about  recent  removals  of  peat 
and  relatively  old  removals  of  peat.  The 
light-toned  areas  represent  areas  where 
recent  peat  removal  activity  has  been 
performed. 


Figure  2:  Linear  stretched  image  of  band 
7  of  Inchnadamph  area. 
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Figure  3:  Linear  stretched  image  of  band 
ratio  3/7  of  Inchnadamph  area. 

5.  CONCLUSION 


This  study  manifests  the  application  of 
the  0.57(lm/0.88(un  ratio  technique  and 
provides  more  ground  details  than  other 
usual  infrared/red  band  ratio  images  in  a 
vegetated  terrain.  In  those  conditions 
when  the  availability  of  bands  is  limited 
this  technique  can  be  applied  to  improve 
existing  geological  information.  For 
areas  which  are  relatively  less  rugged, 
and  do  not  suffer  too  much  from  shadow 
effects,  the  application  of  this 

topographical  details  sometimes  which  are 
quite  useful,  as  well  as  improving  ground 
details  in  a  vegetated  terrain. 


Figure  1 :  Linear  stretched  image  of  band 
3  of  Inchnadamph  area. 


Figure  4:  Linear  stretched  image  of  band 
ratio  7/3  of  Inchnadamph  area. 


Bivariate  piot  of  band  ratios 
3/7  and  7/3 


Figure  5:  Bivariate  plot  of  band  ratios 
3/7  and  7/3. 
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ABSTRACT 

A  Background  Geobotany  approach  has  been  applied 
for  geologic  exploration  in  the  Archean  metavolcanic 
Pojuca  Belt,Caraja3  Province.  The  test  sice  is 
characterized  by  rugged  topography;  thick  laCosoil 
profiles  and  almost  absence  of  bedrock  outcrops.  The 
vegetation  is  typical  of  tropical  rainforest;  The 
analysis  foccused  on  community  level  and  has  been  tested 
through  digital  image  processing  of  orbital  RS  (TM- 
LANDSAT)  and  DTM  data.  The  preliminary  results  of  the 
investigation  have  shown  that  11  RS  biophysical  classes 
were  detected;  Che  majority  with  spatial  correlations 
with  previous  geological  units.  In  addition,  elevation 
and  slope  have  presented  an  important  role  in  Che 
characterization  of  the  geobotanical  background 
patterns.  | 

Key  words: 

GEOBOTANY;  IM-LANDSAT;  DTM;  AMAZON  REGION. 

1.  INTRODUCTION 

Satellite-based  remote  sensing  has  been  used 
successfully  in  tropical  semiarid  environments  for 
lithological  discrimination  (Paradella  et  al,  1987). 
Results  in  tropical  rainforest  regions  are  scarce 
however,  relying  on  spatial  attribute  analysis  or 
having  site  specific  conditions  where  iron  laterices 
cause  changes  in  biomass  which  result  in  spectral 
contrasts  (ParAdella  ,  1936)  .  Ac  more  temperate 
latitudes,  a  Background  Geobotanical  (BG)  approach 
was  developed  for  extracting  geologic  information  in 
vegetated  terrains  (Bruce  &  Singhr'oy,  198A).  It  is 
based  on  the  hypothesis  that  the  nature  and 
distributions  of  plant  communities  occur  as  a  result 
of  environmental  conditions  and  therefore,  variations 
in  distribution  from  the  established  norm  of  an  area 
may  be  indicative  of  changes  in  the  geology  (Hornsby 
et  al,  1988). 

In  Brazil,  recent  discoveries  of  Cu-Fb-Zn,  Ni, 

Cr,  W  and  Sn  have  been  niade  in  the  Carajas  Province 
of  the  Amazon  cracon,  in  addition  to  the  known  Fe, 
Al,  and  Mn  deposits  in  the  area.  The  province  is 
characterized  by  heterogenous  topography,  deep 
chemical  weathering  producing  thick  laCosoil  and 
little  outcrops.  Vegetation  cover  consists  of  a  complex 
and  multi-level  canopy  composed  of  numerous  species. 

This  paper  reports  on  the  first  results  of  a 
research  program  which  has  been  established  to 


develop  remote  sensing  applications  in  .this  kind  of 
environment.  The  following  questions  are  to  be 
'answered:  1)  to  what  extent  is  it  possible  to  extract 
geological  information  from  satellite-based  remote 
sensing  data,  given  the  commonly  held  view  that 
tropical  rainforest  vegetation  is  so  complex  as  to 
appear  homogeneous  and  featureless?  2)  what  are  the 
controls  on  spectral  patterns  and  of  what  comparative 
importance  are  geological  controls  among  these?  and 
3)  what  is  the  optimum  approach  to  extract  geologic 
information  from  the  most  commonly  and  economically 
available  data  set  (remote  sensing  and  topography)  in 
the  planning  and  implementation  of  exploration 
activities? 

1.1  -  STUDY  AREA  DESCRIPTION 

A  230  square  kilometre  test  area  was  selected, 
centered  on  the  Pojuca  Cu-Zn  deposit  located  in  the 
Carajas  mountain  range.  The  oldest  of  these  Archaen 
rocks  are  a  sequence  of  medium  to  high  grade 
metamorphic  rocks  known  as  the  Xingu  Complex.  This 
complex  occurs  in  the  northeast  portion  of  the  study 
area  and  has  characteristic  low  relief.  Discordant 
with  this  basement  is  a  volcano-sedimentary  sequence 
characterized  by  west-northwest  trending  parallel 
ridges.  This  is  the  Igarape  Pojuca  Group  consisting 
mainly  of  greenschist  to  amphibolite  phases  rocks 
with  several  Cu  and  Cu-Zn  deposits.  Above  the  Igarape 
Pojuca  Group  are  widespread  low-grade  clastic 
sediments  of  early  Proterozoic  age  called  the  Rio 
Fresco  Group,  and  located  in  the  southwest  of  the 
study  area.  It  is  characterized  topographically  by  a 
plateau  with  small  intersecting  hills.  Tertiary 
laterite  and  Quaternary  alluviums  complete  the 
geological  sequence  (Figure  1). 

The  vegetation  cover  is  typical  for  tropical 
rainforest.  Three  ecological  regions  can  be 
recognized:  1)  Montana  tropical  forest  associated 
with  the  highest  altitudes  (Rio  Fresco  Group);  2)  Sub- 
Montana  tropical  forest  with  woodland/broadleaved 
forest  (Pojuca  Group  and  part  of  Xingu  Complex  and  3) 
Mixed  woodland  forest  (Xingu  Complex)  (Veloso  et  al, 
1974).  A  total  of  552  specimens  with  119  species,  89 
genera  and  39  families  were  identified  from  one  hectare 
transect  in  this  area  (Silva  et  al,  1987). 

2.  METHODOLOGY 

Figures  2  and  3  illustrate  the  methodological 
approach.  Landsat  Thematic  Mapper  (TM)  data  from 
May  31,  1984  and  a  digital  elevation  model  (DEM)  were 
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used  in  the  investigation.  The  512  x  512  pixel  area 
was  geometrically  corrected  to  a  UTM  projection  base. 
Elevation,  slope,  and  aspect  images  were  derived  from 
the  elevation  model.  This  data  set  was  analysed 
through  a  combination  of  enhancements  (frequency 
equalization,  band-ratios,  principal  component 
transformation)  and  unsupervised  (clustering) 
technique..  A  feature  selection  routine  called  the 
optimum  index  factor  (OIF)  was  used  to  aid  in  the 
selection  of  the  best  colour  composite  image  (Chavez  etal, 
1982).  Eight  biophysical  maps  were  interpreted  and 
integrated  into  a  final  integration  map  with  11 
biophysical  classes.  This  map  was  compared  with 
supporting  geological  information  to  identify 
geobotanical  relationships. 

3.  RESULTS 

The  final  integration  map  is  shown  in  Figure  4. 
Figure  5  is  the  best  enhancement  product  obtained  with 
TM  data.  This'  was  a  PC  transformation  of  the  input 
bands  3/2,  4/1,  4/3,  3/5,  7/4,  5/4,  5-4/5+4,  5-7/5+7, 
4-3/4+3.  From  Figure  4  the  following  class 
associations  can  be  made:  class  A  •  laterite;  B  °  Rio 
Fresco  Croup;  C  =  Rio  Fresco  Group;  D  »  Igarape  Pojuca 
Group;  F  «  Igarape  Pojuca  Group;  F  «  Granitic  areas; 

G  ■  Xingu  Complex,  H  «  Quaternary  sediments.  There  is 
insufficient  information  about  the  substratum  to 
identify  geologic  associations  with  classes  I  and  J. 

In  the  colour  composite  different  tonal  patterns  are 
detected,  of  particular  interest,  one  correlated  with 
the  Pojuca  trend  (area  A). 

Figure  6  is  the  result  of  clustering  the 
elevation  and  slope  data.  More  than  half  of  the 
biophysical  classes  have  spatial  correlations  with 
the  thematic  class  produced  from  the  elevation  and 
slope  data.  The  associations  arc  as  follows:  class  A 
with  2;  B  with  3;  D  partially  with  6  and  5;  G  with  7; 

H  with  8,  9  and  10;  I  partially  with  9. 

4.  CONCLUSIONS 

The  geologic  characteristics  of  the  terrain  play 
an  important  role  in  controlling  the  spatial 
distribution  of  the  biophysical  remote  sensing 
classes.  In  addition,  geology  also  controls  in  part, 
the  main  geomorphometric  terrain  descriptors  of 
elevation  and  slope.  The  role- of  aspect,  which 
appears  much  more  complex,  was  not  evaluated  in  this 
phase  of  the  research.  The  detection  of  these 
geobotanical  patterns  will  help  to  improve  the 
delineation  of  main  geological  units  elsewhere  in  the 
Carajas  Province  beyond  the  area  of  detailed  mapping. 
This  is  particularly  important  in  the  case  of  the 
Pojuca  Group  which  hosts  the  Cu-Zn  mineralizations. 
Future  development  of  this  methodology  is  planned  in 
order  to  produce  an  operational  tool  for  geological 
exploration  in  tropical  environments  using  thematic 
mapper  and  topographic  data. 
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Abstract 

A  study  has  been  undertaken  to  determine 
whether  or  not  unique  vegetation  characteristics  are 
associated  with  fluorite  mineralization.  The  study 
included  analysis  of  remotely  sensed  images,  field  data 
and  existing  maps.  These  thematic  data  sets  were 
overlain  and  Geobotanical  Units  identified.  The 
results  indicate  that  major  vegetation  communities 
coincide  with  distinct  geomorphological,  pedological 
and  lithological  units.  The  plant  species  Harrisonia 
abyssinica,  Vangueria  acutiloba,  and  Balanite 
aegyptiaca  localize  the  fluorite  mining  sites  because  of 
their  anomalously  high  concentration  levels  of  the 
path-finder  elements  in  their  ash.  Furthermore,  the 
parent  rock,  which  is  a  hydrothermally- 
metamorphosed  limestone,  coincides  with 
Geobotanical  Unit  I';  a  imit  characterized  by  a  distinct 
vegetation  community,  and  a  distinct  photographic 
and  spectral  anomally.  It  is  concluded  that  fluorite 
deposits  can  be  prospected  for  rapidly  by  an  analysis  of 
indicator  species. 

Keywords:  Geobotany,  Kenya,  Landsat  imagery. 
Mineral  exploration 

Introdnction 

It  has  been  demonstrated  that  certain  mineral 
concentrations 'can  be  identified  using  Landsat  data. 
The  mineral  concentrations  are  localized  by  a  change 
in  reflectance  of  the  vegetation  aF  cted  by  the 
mineralization,  by  a  change  in  the  density  of  the 
vegetation  over  the  mineralization  or  even  by  the 
presence  of  some  unique  indicator  plant  species 
growing  aroimd  the  area  of  mineralization. 

In  Kenya,  fluorite  is  one  of  the  major  commercial 
mineral  deposits.  In  this  study,  an  analysis  of  the 
fluorite  path-finder  elements  has  been  undertaken  to 
determine  whether  or  not  unique  vegetation 
characteristics  are  associated  with  the  fluorite 
mineralization  and,  if  so,  whether  or  not  these  areas 
can  be  identified  using  Landsat  imagery. 

Study  Area 

The  study  area  is  part  of  the  Central  Kenya  Dome 
located  on  the  western  flank  of  the  East  African  Rift 


Valley.  It  covers  an  area  of  approxiamtely  7.6  kfn  x  3.7 
km  and  is  bounded  geographically  by  latitudes  0°18'N 
and  0°  22'N  and  by  longitudes  36o  40'E  and  35°  38'E. 
From  the  point  of  view  of  mineral  rights,  the  area  falls 
under  the  jurisdiction  of  the  Kenya  Fluorspar 
Company  Limited. 

Geologically,  the  area  is  composed  of  the 
Precambrian  Shield  rocks,  Upper  Miocene  volcanics. 
Lower  Miocene  sediments.  Pliocene  sediments,  and 
Quartemary  to  Recent  deposits.  Fluorite,  or  fluorspar, 
the  dominant  economic  mineral  deposit  is  a  result  of 
hydrothermal  emanations  replacing  calcite  in 
limestone.  However,  the  general  lack  of  high- 
temperature  minerals  along  the  zone  of  alteration 
suggests  emanation  of  hydrothermal  fluids  at  low 
temperatures  (Nyambok  and  Gaciri,  1976). 

Materials  and  Methods 

The  geobotanical  and  biogeochemical  study 
included  analysis  of  remote  sensing  images,  field  data 
and  existing  maps.  The  remote  sensing  data  consisted 
of  Landsat  Multispectral  Scanner  (MSS)  and  Landsat 
Thematic  Mapper  (TM)  transparencies  recorded  on 
June  14,  1984.  The  satellite  data  were  digitally  and 
photographically  enhanced  and  enlarged  to  a  working 
scale  of  1:50,000.  The  photographic  enlargements 
included  70  mm  x  70  nun  chips  for  multi-band  analysis 
using  the  ANALOG  Color  Additive  Viewer.  Digital 
analysis  was  performed  on  the  PERICOLOR  1000 
interactive  digital  image  processing  system  .  The 
original  imagery  had  been  processed  using  a 

supervised  classification  (LeDurand,  1983).  Use  was 
made  of  a  Diskette  Classification  Program  PC  ©  SPOT 
and  a  colour  composite. 

It  has  been  determined  that  the  TM  Band  3  image 
best  enhances  the  geological  features  (Odhiambo, 
1988).  Radiometric  values  of  the  Band  3  image  were 
systematically  recorded  along  two  transects  (Figure  1) 
eastwards  from  the  Kimwarer  mine  site,  through  the 
mill  tailings  across  the  study  area.  Using  a  Portable 
Field  Radiometer,  whose  spectral  bands  were  set  to 
duplicate  those  on  board  the  Landsat  satellite,  spectral 
measurements  were  made  of  the  most  dominant  plant 
species  in  the  geobotanical  units.  The  radiant  energy 
incident  upon  the  plants,  Ei(>t),  and  that  reflected  from 
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it,  Er(X),  were  measured.  These  spectral 
measurements  were  recorded  in  each  of  the  four 
spectral  bands  and  normalized  using  a  white  target 
(assumed  to  be  a  standard  reflectance  surface).  The 
percent  spectral  reflectance  (R%)  was  then  calculated 
using  an  equation  modified  from  Lillesand  and  Kiefer 
(1987).  Panchromatic  aerial  photographs  recorded  in 
December  1969  were  used  as  an  ancillary  source  of 
information.  These  photographs  were  stereoscopically 
analysed  for  vegetation/habitat,  morphological  and 
geological  detail,  to  delineate  the  eleven  Geobotanical 
Units  (GBUs). 

Plant  and  soil  samples  were  collected  in  each 
GBU  for  quantitative  element  analysis.  The  plant 
samples  were  flushed  with  distilled  water  to  remove 
any  soil  particles  and  were  then  oven-dried  at  120*^  C 
for  about  six  hours.  Next,  they  were  placed  in  a  25  ml 
squat  PYREX  beakers  and  were  ashed  in  a  muffle 
furnace  (Carbolite,  Model  ESF  2)  at  approximately  450° 
C,  for  8  to  12. hours.  The  ashed  plant  material  and  the 
fused  finely-pulverized  soil  samples  were  diluted  by  a 
factor  of  about  five  using  ANAL  cellulose.  Using  a 
pressure,  pellet  making  dies,  and  a  visor,  thin  pellets 
were  pressed  out  at  3000  kg/cm  for  subsequent 
irradiation  by  the  Energy  Dispersive  X-ray  Fluoresence 
Analytical  (EDXRFA)  system.  The  overall  accuracy  of 
the  EDXRFA  system  was  estimated  to  be  between  5% 
and  10%,  while  its  sensitivity  ranged  from  0.2%  for 
aluminum  (Al)  to  38  ppm  for  uranium  (U),  in  solid 
samples  Lavi  (1984). 

Results  and  Discussion 


The  distribution  of  plants  in  the  geobotanical  units 
suggests  that  Croton  dichogamus  is  the  most  widely 
distributed  (dominant)  plant  species,  followed  by 
Combretum  molle,  Ipomoea  spathulata  and  then  by 
Acacia  tortilis.  A  tortilis  forms  the  overstorey,  while 
Croton  dichogamus  forms  most  of  the  understorey. 
Lesser  plants  species  are  indicators  of  specific 
geobotanical  units;  for  instance.  Ficus  natalensis  and 
Cleorodendron  spp.  are  indicator  species  for  GBU  VII, 
while  Commifora  spp. ,  Commbretum  molle  (with  a 
swollen  stem)  and  Harrisonia  abyssinica  are  the 
geobotanical  indicator  species  for  GBU  I'. 

In  the  Geobotanical  Units  (GBUs),  54  plant  species 
were  identified,^  53.7%  of  which  were  selected  randomly 
and  assayed  for  their  element  concentrations.  It  is 
notable,  however,  that  the  most  dominant  plant  species 
assayed  comprise  only  20.4%  of  the  total  number  of 
species  sampled.  The  rest  of  the  plants,  assayed  only 
once,  make  up  33.3%  of  the  plant  samples  and 
comprise  the  lesser-occuring  plants  in  the  GBUs. 
Emphasis  for  trace  element  analysis  was,  therefore,  on 
the  lesser-occuring  species  •  which  are  indeed  the 
indicator  species  for  the  various  GBUs  and  localize  the 
fluorite  deposits.  The  dominant  species  on  the  other 
hand  constitute  the  major  vegetal  component  of  the 
study  area,  and  define  approximately  the  underlying 
geological  formations. 

The  quantitative  trace  element  analysis  for  the 
elements  calcium  (Ca),  zinc  (Zn),  manganese  (Mn), 
rubidium  (Rb),  strontium  (Sr),  zirconium  (Zr)  and 
uranium  (U)  was  done  on  the  ash  of  all  the  plants 
assayed  using  EDXRF  analysis.  The  results  are 
summarized  in  Table  1.  These  biogeochemical  data 
were  sihoothed  using  a  moving  average  technique,  as 


Table  1 .  Mean  Element  Concentrations  and  Standard 
Deviations  in  Plant  (68)  and  Soil  (21)  Samples 


Element 

Ca(%)  Cu 

Zn 

Mn 

Rb 

Sr 

Zr 

U 

Plants  (68) 
Mean 

16 

262 

394 

1596 

185 

2942 

233 

17 

Sdev. 

8 

358 

619 

2956 

472 

4058 

337 

20 

Max.  Val. 

37.7 

2369 

5148 

2.21%  3720  2.96% 

2152  101 

Soils  (21) 
Mean 

1.5 

426 

213 

2122 

1' 

449 

526 

15 

Sdev. 

2.1 

589 

64 

1053 

336 

220 

196 

19 

Max.  Value 

9.7 

2924 

387 

4130 

1630 

975 

846 

85 

recommended  by  Tonms  and  Jay  (1964),  Malyuga  (1964) 
and  Sayala  (1979).  Briefly,  it  is  notable  that  the 
indicator  plant  species  havb  concentrations  above  the 
local  threshold  value.  For  example,  Ipomoea 
spathulata  contains  1740  ppm  Cu,  Vangueira  acutiloba 
has  3720  ppm  Rb,  Balanite  aegyptiaca  contains  16300 
ppm  (1.63%)  Sr.  Of  most  interest  was  the  fact. that 
Harrisonia  abyssinica  contains  29600  ppm  (2.96%)  Sr, 
2924  ppm  Cu,  22100  ppm  (2.21%)  Mn,  5148  ppm  Zn  and 
101  ppm  U.  Harrisonia  abyssinica,  therefore,  stands 
out  as  the  best  fluorite  indicator  species  (in  terms  of  the 
number  of  anomalous  minerals  detected). 

In  the  soil  samples,  anomalous  concentrations  of 
calcium  occur  over  the  mill  tailings,  while  high 

uranium  values  occur  below  the  Choff  deposits.  In 
both  these  cases,  the  Eh  values  are  •(■26mV  and 
■fSOmV,  respectively  (indicating  a  mildly  reducing 
geochemical  environment).  At  Site  G59,  rubidium 
concentration  is  above  the  LTV,  but  the  Eh  value  is  • 
90mV  (a  strongly  reducing  environment).  These  data, 
which  are  summarized  in  Figure  2,  indicate 
anomalous  trace  element  concentrations  are 
associated  with  GBU  I',  on  the  Precambrian  para- 
gneisses  with  the  fluorite  mineralization.  The 
concentration  plots  are  also  displayed  in  Figure  1, 
above  the  mineralized  geological  unit.  It  is  observed 
that  anomalous  calcium  concentrations  localize  the 
friable  calcareous  sandstone  deposit  east  of  the  area. 
Over  the  fluorite  deposits,  the  concentration  is  far 
below  the  local  threshold  value  and  even  below  the 
mean  concentration  value.  This  clearly  indicates  a 
negative  biogeochemical  anomaly  of  calcium  over  the 
fluorite  deposits. 

From  the  radiometric  values  along  the  two 
transects  (Figure  1),  it  is  evident  that  the  mine  sites 
have  a  higher  reflectance  than  the  mill  tailing.  This  is 
interesting  since  the  tailings  appear  brighter  (with  a 
higher  reflectance)  than  the  exposed  mine  sites.  Field 
visits  revealed  that  the  tailings  were  wet  and/or 
covered  with  a  thin  film  of  water  (1  -  2  cm).  It  seems, 
therefore,  that  the  digital  image  processing  technique 
applied  to  the  satellite  imagery  actually  discriminated 
the  tailings  from  the  mine  sites. 

Conclusions 

The  case  study  establishes  that  the  geobotanical 
and  biogeochemical  techniques  applied  in  this 
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.  Figure  2.  Summary  of  significant  element  concentrations  in  plant  and  soil 
samples,  as  related  to  GBU 1'. 


Figure  1.  Radiometric  values  along  transects  A  and  B,  related  to  the 
geology,  biogeochemistry  and  to  the  geobotanical  unHs.  Values  obtained 
from  the  Digital  Imagery  Processing  System  for  Channel  6  only. 
litbcJogy 

A  Quaternary  to  Rec^t  alluvial  deposit  D  Tertiary  Volcanics 
B  Flood  plain  of  the  Kimwarer  River  E  Fluorite  Mineralization 
C  Soy  Sandstone  deposit  F  Precambrian  Para^gneisses 


research  localized  the  fluorite  deposits  along  the  foot 
slopes  of  the  Kerio  Escarpment,  ir.  GBU  1'.  This  GBU 
is  itself  associated  with  hydrothermally-altered 
limestone  deposits  in  the  Precambrian  Formation.  The 
plant  species  Harrisonia  abyssinica,  Balanite 
aegyptiaca,  and  Vangueria  acutiloba  appear  to  be  the 


nement  ConcentratioD  Range 

Below  X  +  Sdev.  ^  ^  2xSdev. 

Above  X  +  2xSdev. 

N.B,  I  =  Zr.  2  =  Rb.  3  o  U,  4  =  Sr,  5  =  Zn,  6  =  Cu,  7  =  Mn.  8  =  Cf 


potential  fluorite  indicator  species  in  the  Kerio  Valley 
area.  The  spectral  data  obtained  from  field 
measurements  and  from  digital  image  processing, 
demonstrate  the  potential  of  using  remote  sensing 
techniques  in  geobotanical  and  biogeochemical 
methods  for  rapid  exploration  of  mineral  deposits, 
especially  in  developing  countries. 
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ABSTRACT 

A  feasibility  study  was  undertaken  to  evaluate  the  use 
of  satellite-based  remote  sensing  data  and  techniques 
for  monitoring  vegetation  regrowth  on  placer  mine 
tailings.  The  intention  was  to  develop  a  methodology 
which  could  enable  repetitive  monitoring  by  reducing 
the  dependence  on  costly  ground  based  methods  which 
are  currently  used. 

The  research  objectives  were  to  develop  a  remote 
sensing-based  method  for  monitoring  natural  vegetation 
regeneration  on  placer  mine  tailings,  and  to  Identify 
the  underlying  relationships  among  environmental, 
terrain,  and  human  factors  controlling  vegetation 
regrowth.  The  study  area  was  located  along  Bonanza 
Creek  near  Dawson  city  In  the  Yukon  Territory.  This 
has  been,  and  still  Is,  an  area  of  extensive  placer 
mining  activity  since  the  turn  of  the  century.  As  a 
result  the  tailings  are  of  varying  ages  and  represent 
the  result  of  a  variety  of  mining  methods. 

A  methodology  was  designed  and  tested  using  Landsat 
Thematic  Mapper  data.  These  data  provided  sufficient 
resolution  for  the  Identification  of  ten  classes  of 
terrain.  Field  Investigations  revealed  that  time  was 
not  the  dominant  factor  controlling  the  regrowth  of 
the  vegetation  rather  the  method  used  In  mining  the 
placer  gold  and  the  structure  and  composition  of  the 
resulting  tailings  were  the  more  Important  factors. 
Working  from  an  established  base  of  knowledge  In  an 
area,  the  monitoring  of  the  vegetation  classes  would 
be  limited  to  the  cost  of  the  Imagery,  the  processing 
of  the  data,  and  limited  field  Inspection  for  quality 
control.  It  should  be  recognized  however,  that  to 
detect  subtle  changes  In  growth  from  one  year  to  the 
next.  It  would  be  advisable  to  user  higher  resolution 
airborne  data  and  more  extensive  field  sampling. 

Keywords:  Vegetation  Regeneration,  Placer  Mining, 
LANDSAT 

1.  INTRODUCTION 

Placer  mining  activity  In  Yukon  Territory  has  occurred 
extensively  since  the  turn  of  the  century.  The 
Klondike  gold  creeks,  located  Immediately  southeast  of 
Dawson  City,  have  been  mined  since  the  Klondike 


Goldrush  and  are  still  producing.  In  19B8  placer 
mining  activity  In  the  Yukon  recovered  474  kg. 
(152,555  crude  oz).  This  mining  activity  resulted  In 
the  stripping  of  vegetation  from  the  valley  bottoms 
and  sides,  and  the  subsequent  deposit  of  tailings.  In 
many  areas  claims  have  been  reworked  several  times 
over  the  years. 

Regrowth  of  vegetation  has  occurred  at  varying  rates 
on  the  areas  mined  (Brady,  1984).  The  progress  of  this 
regrowth  leading  to  an  eventual  return  to  a  natural 
forest  cover.  Is  of  concern  to  the  Environmental 
Protection  Service  of  Environment  Canada.  A  need  was 
therefore  Identified,  for  the  monitoring  of  natural 
revegetatlon  of  placer  mine  tailings.  Remote  sensing 
data  and  methods  were  considered  a  possible  means  for 
monitoring  the  vegetation.  Two  main  objectives  were 
Identified  to  Investigate  this  possibility,  1)  to 
develop  a  remote  sensing-based  method  for  monitoring 
vegetation  regeneration  on  placer  mine  tailings,  and 
2)  to  Identify  underlying  relationships  among 
environmental,  terrain,  and  human  factors  controlling 
vegetation  growth. 


1.1  Study  Area  Description 

The  study  ar'ea  Is  focussed  on  Bonanza  and  Eldorado 
Creeks  (Flgur^vD.  The  area  Is  approximately  50  square 
kilometers  In  size.  The  topography  Is  rugged  with 
elevations  exceeding  1128  metres  asl,  and  Incised  non- 
glaclated  valleys,  to  a  low  of  305  metres  at  the  Yukon 
River.  Vegetation  cover  varies  from  non-existent  to 
continuous  cover  of  Betula  papvrifera  (birch).  Populus 
tremuloldes  (aspen/poplar),  Picea  glauea  (white 
spruce),  and  Poa  sp.  (grasses). 

Unconsolidated  materials  consist  of  fluvial  sands  and 
gravels  occurring  naturally  as  valley  fill  and 
terraces  on  the  valley  slopes.  Bedrock  consists  of 
ouartzofelspathlc,  carbonaceous  and  mafic  schistose 
rocks.  Two  major  structural  lineaments  run  the  length 
of  Bonanza  and  Eldorado  creeks. 

The  placers  In  the  Klondike  gold  fields  are  Tertiary 
In  age  (Milner,  1984).  The  Bonanza  Creek  watershed  has 
provided  the  greatest  amount  of  gold  of  all  the 
creeks.  Much  of  this  gold  has  come  out  of  the  White 
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Channel  pay  streak;  a  zone  of  coarse-grained,  poorly 
sorted  gravels. 

2.  METHODOLOGY 

The  methodology  developed  uses  standard  Image 
processing  techniques  with  supporting  field 
Information,  to  produce  a  final  landcover  map 
representing  sIgnIHcant  plant  communities  and  non- 
vegetated  surface  materials  (Figure  2)  (Llllesand  and 
Kiefer,  1979).  The  methodology  has  been  scaled  to  a 
PC-based  hardware  and  software  system  for  cost 
effectiveness  and  ease  of  operation. 

Landsat  HSS  and  TH  data  was  acquired  for  the  study. 
The  MSS  was  used  to  produce  preliminary  enhancements 
which  could  be  taken  Into  the  field  to  determine  the 
significance  of  variations  In  the  spectral  responses 
of  the  different  ground  covers.  When  TH  data  became 
available  (Image  data  June  14,  1986),  It  was  used  for 
the  post  fieldwork  processing  and  classification  since 
the  Increased  spatial  resolution  was  necessary  to 
produce  transferable  results.  Contrast  stretch, 
principal  components,  and  unsupervised  classification 
operations  were  first  applied  to  the  visible  and 
reflected  Infrared  bands.  These  enhancements  aided  In 
the  Identification  of  training  sites  with  the  support 
of  the  field  data. 

Field  data  were  collected  to  document  the  extent  and 
nature  of  different  vegetation  types,  soils,  and 
drainage  conditions  found  In  the  area.  These 
Investigations  were  required  to  determine  the  classes 
of  ground  cover  to  be  extracted  from  the  remote 
sensing  data.  Collection  of  this  Information  enabled 
geobotanical  associations  to  be  determined  among 
vegetation,  terrain  and  mining  activities  over  time. 

3.  INTERPRETATIONS 

Ten  significant  cover  types  were  Identified  from  the 
results  of  the  field  Investigations.  These  were  based 
on  two  criteria;  geobotanical  associations,  and 
material  composition  where  vegetation  cover  was  absent 
(Table  1). 

The  spectral  responses  of  each  class  were  relatively 
distinct  (Table  2).  The  active  mining  class  had  high 
mean  reflectance  values  In  all  bands  due  to  the  lack 
of  vegetation  and  the  physical  and  textural  properties 
of  the  gravels.  The  recent  tailings  class  surrounds 
the  active  class.  While  It  Is  also  non-vegetated  It 
retains  a  distinct  response  having  generally  lower 
mean  reflectance  values.  The  dredge  tailings  In  the 
Bonanza  Creek  valley  have  a  similar  response  to  the 
recent  tailings  class  particularly  In  the  shorter 
wavelengths.  This  leads  to  some  confusion  between  the 
two  classes.  It  does  however  have  higher  reflectance 
minima  In  bands  4  and  5.  The  Klondike  River  valley 
tailings  were  clearly  Identified  with  only  minor 
confusion  with  more  recent  tailings  on  the  south  side 
of  the  valley.  The  hilltop  tailings  class  represent 
workings  high  on  the  valley  slopes.  These  have  a 
discontinuous  vegetation  cover.  The  deciduous  and 
coniferous  classes  are  extensive  over  the  area.  The 
classes  are  actually  mixed  In  composition  with  the 
difference  being  In  the  dominance  of  either  conifer  or 
deciduous  trees.  The  valley  fill  class,  having  a 
unique  vegetation  composition  of  conifers,  grasses  and 
shrubs,  also  had  distinct  spectral  responses  from  the 
deciduous  and  coniferous  mix  classes. 


4.  CONCLUSIONS 

The  methodology  developed  In  this  project  has  been 
applied  successfully  with  results  which  support  the 
use  of  satellite-based  remote  sensing  data  as  a  means 
for  monitoring  vegetation  regrowth  on  placer  mine 
tailings.  Discrimination  of  six  vegetation  classes  was 
possible  corresponding  reliably  to  geobotanical 
associations  with  underlying  materials  and  topographic 
Influences.  Three  classes  of  non-vegetated  tailings 
types  were  also  separable,  having  distinctive  tailings 
characteristics.  It  was  observed  that  age  did  not 
always  play  a  significant  role  In  the  amount  of 
revegetation  which  has  occurred.  The  extremely  coarse 
nature  of  dredge  tailings  and  relatively  high 
associated  local  relief  does  not  allow  for  fines  to 
collect  In  sufficient  quantity  to  support  vegetation. 
Without  active  Intervention  to  address  this  problem 
these  areas  can  be  expected  to  remain  much  the  same 
over  time. 

Operational  implementation  of  this  methodology  would 
require  limited  expenditure  In  time  and  cost  once 
preliminary  field  verification  confirms  the  location 
of  training  sites  for  each  class.  Costs  could  be 
limited  almost  entirely  to  acquisition  of  the  data  and 
a  minimum  of  Image  processing.  Higher  resolution 
airborne  sensors  may  be  used  to  define  more  specific 
ground  covers  and/or  more  precise  boundaries,  however 
costs  would  be  Increased  greatly. 
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Table  1:  Classes  with  vegetation  cover,  surficial  material  and  topographic  characteristics. 


CLASS 

VEGETATION 

MATERIALS 

TOPOGRAPHY 

Active  Mining 

none 

White  Channel 
gravels 

East  facing  valley 
slopes  and  gravels  on 

valley  floors 

Recent  Tailings 

none 

coarse  sandy 
gravel 

Long  ridges  and  flat  i 

areas. 

Bonanza  dredge 
tailings 

sparse 

grass 

coarse  sandy 
gravel 

Flat  to  hummocky. 

Klondike  dredge 
tailings 

none 

coarse 

gravels 

Hummocky,,  in  Klondike 

River  valley. 

Hilltop 

tailings 

fireweed, 
grasses,  spruce 

gravels 

High  on  hill  slopes. 

' 

Tailings  ponds 

Populus  - 

balsami- 

fera, 

Betula  papyrifera, 
Poa  k  Sallx  sp. 

coarse 
gravels 
with  fines 

Depressions  between 
hummocks. 

Open  water 

none 

n/a 

n/a 

Deciduous 

forest 

Betula 

papyrifera, 

Populus  tremuloides 
Alnus  sp. 

sand  &  gravel 

Southeast  facing 
valley  slopes. 

Coniferous 

forest 

Picea 

glauea 

sand  k  gravel 

Northwest  facing 
slopes. 

Valley  fill 

Picea 

glauea 

Pao  sp.  , 

Alnus  sp. 

sand,  gravel 
k  silt 

Valley  bottoms 
k  lower  slopes. 

Table  2:  Mean  spectral 

response 

values  and 

general 

distribution  of  each  mapped  class. 

CLASS 

MEAN 

REFLECTANCE 

• 

OCCURRENCE 

TMl 

TM2 

TM3 

TM4 

TM5 

TM7 

Active  mining 

195 

120 

120 

102 

178 

98 

Bonanza  Creek  k  off  Klondike  R. 

Recent  tailings 

97 

48 

54 

54 

92 

48 

Around  areas  of  active  mining. 

Bonanza  dredge 
tailings 

131 

70 

82 

74 

124 

135 

Bonanza  Cr.  valley  bottom 

Klondike  dredge 
tailings 

94 

43 

47 

42 

60 

33 

Klondike  R.  valley 

Hilltop  tailings 

66 

28 

25 

57 

72 

26 

Around  active  mining;  some  SE  facing 
slopes . 

Tailings  ponds 

71 

29 

27 

52 

45 

18 

Tailing.s  ponds;  shadows. 

Open  water 

73 

30 

30 

18 

9 

4 

Yukon  and  Klondike  rives;  tailings 
ponds. 

Deciduous  forest 

89 

43 

45 

71 

97 

42 

SE  valley  slopes. 

Coniferous  forest 

62 

24 

18 

50 

37 

126 

NE  facing  slopes. 

Valley  fill 

68 

27 

25 

52 

42 

60 
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ABSTRACT 

Mineral  exploration  techniques  Involving  geophysi¬ 
cal,  remote  sensing,  geochemical  and  blogeochemlcal 
data  have  been  used  successfully  In  the  past  with 
varying  degree.  Any  mineral  exploration  approach 
which  can  Integrate  as  many  of  these  different  tech¬ 
niques  as  possible  Is  likely  to  Increase  the  success 
rate  and  eventually  have  a  substantial  economic  bene¬ 
fits.  In  this  study  an  attempt  has  been  made  to  ana¬ 
lyze  different  types  of  remote  sensing  and  geological 
data  available  for  the  Farley  Lake  area,  Manitoba. 

The  Farley  Lake  area  forms  a  part  of  the  Agassiz 
Mctallotect,  and  has  promising  economic  potential  for 
a  gold  deposit.  Consequently,  extensive  exploration 
work  has  been  carried  out  by  provincial  and  federal 
governments  under  the  mineral  development  agreement 
(MDA),  and  the  area  has  been  surveyed  In  detail  by 
using  remote  sensing  methods  and  by  surface  methods. 
The  remote  sensing  data  Includes  the  airborne  multl- 
detcctor  electro-optical  Imaging  scanner  (MEIS-II) 
data.  These  data  provide  the  spectral  reflectance 
Information  In  different  wavelength  windows,  and  were 
obtained  to  detect  the  signs  of  vegetation  stress. 
The  other  remotely  sensed  data  set  Is  the  airborne 
magnetic  field  gradlometer  data.  The  surface  data 
sets  were  obtained  as  'ground  truth'  and  Include  the 
geochemical  and  blogeochemlcal  data.  For  geochemical 
data  clay-sized  fraction  and  heavy  mineral  fraction 
of  the  basal  till  samples  have  been  anaylzed  for 
eight  elements,  whereas  the  six  trace  element  concen¬ 
trations  of  the  black  spruce  needles  constitute  the 
blogeochemlcal  data. 

In  order  to  test  the  usefulness  of  each  of  these 
data  sets,  correlations  among  different  variables  In 
a  particular  data  set  have  been  calculated,  as  well 
as  the  relationships  among  the  different  data  sets 
have  been  determined.  The  results  of  this  study  In¬ 
dicate  that  the  airborne  MEIS-II  data  In  general  show 
fairly  low  correlations  with  the  geochemical  and  blo¬ 
geochemlcal  data.  However,  there  is  a  moderate  corre¬ 
lation  between  the  bandl  and  band2  of  the  MEIS-II  and 
copper  concentration  at  one  of  the  blogeochemlcal 
sample  grids.  In  the  till  geochemical  data  there  Is 
high  correlation  among  the  ferrous  elements  and  the 
zinc  concentration  In  the  basal  till.  Moreover,  the 
elemental  concentration  In  the  basal  till  data  lacks 
any  correlations  with  the  aeroraagnetic  data.  This 
would  be  expected  In  areas  covered  with  thick  glacial 
overburden.  The  strong  magnetic  anomaly  In  the  west¬ 
ern  half  of  the  study  area  Is  oriented  roughly  north- 
south  direction,  and  does  not  correspond  with  the 


published  subsurface  bedrock  geology  map.  If  a  magne¬ 
tic  anomaly  is  Indicative  of  bedrock  geology,  as  In 
many  cases,  the  subsurface  geology  map  produced  from 
a  few  distant  outcrops  would  require  further  confirm¬ 
ation  by  detailed  geological  mapping  and  probably 
modification  to  the  available  geology  maps. 

The  digital  processing  and  correlation.  In  this 
study,  of  different  geological,  geochemical,  geophy¬ 
sical  and  airborne  remote  sensing  data  provides  a 
quick  and  reliable  basis,  on  which  we  can  quantita¬ 
tively  weigh  each  different  data  set  for  future  sys¬ 
tematic  integration  of  remote  sensing  and  geological 
data. 

Key  Hordsi  Digital  processing,  Coirelatlon, 
Geophysical,  Geochemical,  Biogeochemlca.,  Remote 
Sensing,  Exploration. 

INTRODUCTION 

The  future  success  of  any  exploration  program  will 
largely  depend  on  the  examination  of  large  potential 
areas  and  the  rapid  evaluation  of  all  possible  avail¬ 
able  data,  geophysical,  geochemical,  and  remote  sens¬ 
ing,  from  the  present  and  past  exploration  programs. 
The  presence  of  a  thick  overburden  and  vegetation 
cover  Is  usually  considered  to  be  a  hlnderance  In 
geologic  studies.  However,  It  Is  believed  that  two 
thirds  of  the  land  area  which  Is  covered  with  moder¬ 
ate  to  heavy  vegetation  and  probably  thick  overburden 
would  provide  the  future  supplies  of  minerals.  There¬ 
fore,  It  is  imperative  that  multi-media  data  such  as 
geological,  geochemical,  blogeochemlcal  and  remote 
sensing  be  collected  for  the  areas  of  interest,  and. 
their  usefulness  be  evaluated  rapidly. 

Whenever  multi-media  data  sets  are  available, 
rather  than  trying  to  estimate  Individual  parameters 
separately  as  represented  by  each  data  sets,  there  Is 
an  attempt  to  Integrate  these  different  data  sets  for 
a  meaningful  relationship.  The  correlation  among  dif¬ 
ferent  variables  In  a  particular  data  set  and  the 
usefulness  of  the  Individual  data  sets  can  be  readily 
assessed  If  the  hierarchical  relationship  among  the 
various  parameters  measured  can  be  readily  determin¬ 
ed.  This  would  allow  the  removal  of  redundancy  and 
more  optimum  use  of  the  Information  extracted  from 
these  data  sets.  In  this  study,  multivariate  statis¬ 
tical  techniques,  such  as  cluster  analysis  and  prin¬ 
cipal  component  analysis  have  been  applied  to  deter¬ 
mine  the  hierarchical  relationships  among  the  differ¬ 
ent  variables  In  a  data  set  and  the  relationships 
among  different  data  sets. 
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STUDY  AREA 

The  study  area  is  centered  on  the  Farley  Lake,  in 
northern  Manitoba.  It  forms  a  part  of  the  Agassiz 
Hetallotect,  and  lies  ir.  the  northern  belt  of  the 
Lynn  Lake  greenstone  belt .  The  bedrock  is  composed  of 
mafic  to  intermediate  voicanic  flows,  flow  breccias, 
mafic  tuffs,  pyroclastic  breccias,  and  chemical  sedi¬ 
mentary  rocks  (Gilrirt  ?•.  al.,  1980).  The  sedimentary 
rocks  include  mostly  the  iron  formation,  which  are 
made  up  of  banded  chrrt  and  magnetite,  along  with 
some  detrital  argillite  and  slltstone.  The  iron  form¬ 
ation  is  interbedded  with  a  characteristic  high  Hg- 
Ni-Cr  basalt.  This  irop  formation  is  believed  to  pro¬ 
duce  a  large  scale,  regional  magnetic  anomaly  roughly 
extending  east-west,  which  was  used  to  delineate  the 
Agassiz  Hetallotect  (Fedikow,  198A). 

The  area  is  covered  with  surficial  deposits  of 
glacial  and  post-glacial  origin,  mostly  by  glacial 
till,  glaciolacustrlne  silts  and  clays,  and  littoral 
sand  and  gravel.  More  than  60  percent  of  the  area  is 
covered  with  fen  and  bog  veneer  (Nielson  and  Graham, 
1985).  At  Farley  Lake,  distinctive  glacial  dispersion 
Crains  have  not  been  observed,  and  their  absence  may 
be  attributed  to  Che  relatively  short  distance  of 
dispersion  of  the  local  component  of  till,  relatively 
large  sample  spacing  as  compared  to  the  size  of  ano¬ 
malies,  or  Co  the  thickness  of  overburden  present. 

TYPE  OF  AVAILABLE  DATA 

The  Farley  Lake  area  due  to  its  promising  econo¬ 
mic  potential  for  a  gold  deposit  has  been  extrensivc- 
ly  surveyed  both  by  federal  and  provincial  govern¬ 
ments,  by  using  surface  and  remote  sensing  methods. 

The  remote  sensing  data  includes  Che  airborne 
multi-detector  electro-optical  imaging  scanner  (MEIS- 
II)  data.  These  data  provide  the  spectral  reflectance 
information  in  different  wave  length  windows, and  were 
obtained  to  detect  the  signs  of  vegetation  stress  due 
Co  the  abnormal  concentrations  of  certain  elements. 
The  airborne  remote  sensing  data  have  an  advantage 
over  phe  satellite  borne  data,  as  it  provides  better 
spatial  resolution  and  Che  different  spectral  windows 
can  be  easily  selected. 

Thc'^surface  data  sets  include  geochemical  and  bio- 
geochemical  data.  For  geochemical  data  (Fig.l),  basal 
till  samples  were  collected  and  the  non-magnetic 
heavy  minerals  fractions  (specific  gravity  greater 
chan  2.95)  were  analyzed  for  eight  elements,  namely 
Cu,  Fb,  Zn,  Co,  Ni,  Cr,  Mn,  and  Fe;  whereas  for  Che 
clay-sized  fractions  nine  elements  were  analyzed  chat 
is  Cu,  Pb,  Zn,  Co,  Ni,  Cr,  Mn,  Fe  and  As  (Nielson  and 
Graham,  1985).  The  biogeochemical  data  consists  of 
the  analysis  of  black  spruce  (Picea  mariana)  needle 
samples  collected  at  grid  locations  (Figure  2),  and 
were  analyzed  for  six  elements,  chat  is  Cu,  Cr,  Zn, 
Ni,  Mn  and  Fe. 


ANALYSIS  TECHNIQUES 

Techniques  of  multivariate  statistical  analysis 
have  been  applied  in  this  study,  and  include  the 
cluster  analysis  and  principal  component  analysis, 
which  are  based  on  the  satisfactory  definition  of 
similarity  between  Che  samples  and  variables.  A  num¬ 
ber  of  similarity  and  dissimilarity  coefficients  can 
be  calculated  ranging  from  correlation  coefficient  to 
a  simple  nonquanticacive  subjective  measures,  and 
therefore  the  choice  of  an  appropriate  similarity 
coefficient  is  important  for  a  meaningful  interpret¬ 
ation.  Similarity  is  calculated  by  making  pair-wise 
comparisons,  and  when  a  series  of  comparisons  arc 
made  between  all  possible  pairs,  a  square  matrix  of 


similarity  coefficients  is  obtained.  In  this  study 
Pearson-product  moment  correlation  was  used,  which  is 
expressed  as: 


’^t=l^il^ik~^^t=l’^i1^i=l’^ik^^" 


where  r,.  is  the  correlation  coefficient  between  two 
variables  X..  and  X..  and  n  is  the  number  of  data 
points.  The  Vorrelatlon  may  be  made  between  each  pair 
of  variables  (R-mode)  or  between  different  pairs  of 
samples  (Q-mode). 

Cluster  Analysis:  Parks  (1966)  states  that  'cluster 
analysis  is  a  simple  form  of  correlatiun  analysis,  a 
method  of  searching  for  relationships  in  a  large  sym¬ 
metrical  matrix'.  On  the  basis  of  computed  similarity 
coefficient,  a  nucleus  of  cluster  is  being  formed  by 
joining  the  samples  (Q-mode)  or  the  variables  (R- 
mode)  with  the  highest  similarity  coefficient,  and 
gradually  adding  more  samples  or  variables  depending 
on  the  situation  as  the  simllrity  coefficient  is  low¬ 
ered.  Eventually  other  clusters  are  initiated  until 
all  the  samples  or  variables  are  linked.  A  dendrogram 
is  usually  the  end  product  of  clustering  which  is  a 
two-dimensional  diagram  showing  the  hierarchical  re¬ 
lationships.  Some  of  the  characteristics  of  dendro¬ 
grams  are  as  follows:  the  number  of  clusters  defined 
increases  as  the  criteria  of  similarity  are  increas¬ 
ed;  the  discontinuities  or  'natural  breaks'  in  the 
groups  are  readily  apparent;  it  can  be  used  to  elim¬ 
inate  the  highly  correlated  or  redundant  variables, 
thereby  allows  the  expression  of  a  large  number  of 
variables  in  terms  of  fewer  interpretable  ones; 
furthermore,  the  anomalous  samples  because  of  their 
uniqueness  in  the  group  would  appear  to  be  the  least 
correlated. 

Principal  Component  Analysis:  According  to  McCammon 
(1966)  'principal  components  provide,  an  effective 
method  for  reducing  the  number  of  variables  in  large- 
scale  correlation  studies'.  The  purpose  is  to  deter¬ 
mine  the  relationship  among  a  number  of  interrelated 
variables  in  terms  of  fewer, composite  of  the  original 
variables  which  arc  pair-wise  uncorrelated.  Therefore 
principal  components  are  the  linear  combinations  of 
original  variables  obtained  such  that  the  successive 
principal  components  have  a  smaller  varlanqe,  and 
usually  first  few  of  the  principal  components  account 
for  a  large  part  of  the  total  variance.  The  coeffi¬ 
cients  of  the  principal  components  are  termed  prin¬ 
cipal  components  loadings,  and  the  measurements  of 
the  principal  components  on  each  of  the  samples  arc 
known  as  principal  component  scores.  These  principal 
component  scores  provide  the  orthogonal  projection  of 
the  samples  on  to  the  axes  defined  by  the  principal 
components,  which  can  be  displayed  as  scatter, 
diagrams. 

The  consistency  of  results  obtained  from  cluster 
analysis  can  be  verified  by  comparing  them  with  the 
results  of  principal  component  analysis.  In  Q-mode 
cluster  analysis,  a  group  of  samples  form  a  cluster 
on  the  basis  of  similarity  and  the  different  groups 
represent  the  natural  breaxs  in  the  data  set,  which 
are  characterized  by  the  predominance  of  certain  com¬ 
bination  of  interrelated  variables-  The  results  of 
R-mode  principal  component  analysis  should  display 
the  same  linear  combinations  of  variables  (principal 
components),  and  therefore,  on  the  basis  of  rhese 
principal  components  one  should  be  able  to  determine 
the  different  groups  of  the  samples. 


INTERPRETATION  OF  RESULTS 


A  general  flow  chart  showing  the  data  processing 
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seeps  for  this  study  is  shown  In  Figure  3,  details  of 
which  are  given  by  Singh  et  al.  (1988).  The  blogeo- 
chemlcal  and  geochemical  map  data  were  digitized,  and 
each  sample  location  was  assigned  longitude  and  lati¬ 
tude  value.  For  the  airborne  remote  sensing  image 
data,  corrections  were  applied  to  Individual  Images 
where  necessary,  and  a  mosaic  Image  was  produced  by 
combining  a  few  of  the  images  (Figure  4).  The  Indivi¬ 
dual  pixels  of  the  mosaic  were  also  assigned  a  longi¬ 
tude  and  latitude  coordinates  by  comparing  It  with 
the  topographic  map.  This  allowed  different  data  secs 
to  be  registered  to  a  common  base  and  thus  correla¬ 
tions  could  be  calculated.  However,  the  basal  till 
geochemical  samples  were  found  to  be  absent  in  the 
vicinity  of  biogcochemlcal  sample  grids,  therefore 
correlations  were  calculated  between  the  airborne 
remote  sensing  Image  data  and  geochemical  data,  and 
the  remote  sensing  data  and  blogeochemlcal  data. 

The  z-score  transformations  were  applied  to  Che 
data  matrix,  column  wise  for  the  cluster  analysis,  so 
chat  Che  mean  value  of  each  column  variable  becomes 
zero,  and  the  standard  deviation  equals  to  one.  This 
type  of  tranformatlon  Is  necessary  so  that  different 
types  of  data  can  be  compared,  as  this  docs  not  alter 
the  distribution,  however,  the  effects  due  to  dif¬ 
ferent  measurement  units  are  eliminated.  A  matrix  of 
correlation  coefficient  was  calculated,  and  unweight¬ 
ed-pair  group  method  was  used  for  clustering.  In  this 
situation,  the  first  linkage  Is  formed  between  Che 
most  similar  members  and  the  subsequent  additions  are 
made  at  the  average  similarity  of  all  the  members  In 
Chat  cluster.  This  method  weighs  each  member  in  the 
cluster  equally  and  the  results  showing  hierarchical 
relationships  are  displayed  as  a  dendgrogram  (Figure 
5).  Similarly,  correlation  matrix  was  used  to  cal¬ 
culate  the  principal  components,  rather  chan  the 
variance-covariance  matrix,  again  this  Is  to  elimin¬ 
ate  the  Influence  due  to  units  of  measurement. 

Blogeochemlcal  Data 

The  ash  content  of  Che  black  spruce  needle  samples. 
In  general  displays  a  negative  relationship  with  most 
of  the  elements  analyzed,  except  at  the  biogeochem- 
Ical  grid  location  3,  where  there  Is  a  positive  cor¬ 
relation  between  the  ash  content  and  the  zinc  concen¬ 
tration.  This  general  negative  correlation  of  the  ash 
content  with  the  elemental  concentrations  may  be  due 
to  the  closed  nature  of  the  system.  Ac  grid  location 
1,  copper  displays  some  correlation  with  Hi,  Mn,  and 
Fe,  whereas  the  Zn  and  Cr  show  lack  of  correlation 
with  these  elements.  At  grid  location  2,  Fe  and  Ni 
have  a  positive  correlation,  which  In  turn  Is  moder¬ 
ately  related  to  Cu,  whereas  Fe  and  Nl  lack  signifi¬ 
cant  relationship  with  Mn.  Ac  these  locations  the 
MEIS-II  data  does  not  Indicate  significant  correla¬ 
tion  with  any  of  Che  elements  analyzed.  The  concen¬ 
trations  of  Cu,  Mn,  and  Fe  In  the  black  spruce  nee¬ 
dles  display  good  correlations  at  the  blogeochemlcal 
grid  location  3.  Furthermore,  the  band2  of  MEIS-II 
data  indicates  good  correlation  with  the  Fe,  and  the 
band'  and  band2  show  a  moderate  relationship  with  the 
copper  concentrations. 

However,  the  correlations  of  the  MEIS-II  and  blo¬ 
geochemlcal  data  at  the  grid  location  3  should  be  In¬ 
terpreted  with  caution,  because  Che  number  of  samples 
Is  small  as  compared  with  the  other  blogeochemlcal 
grids.  Moreover,  an  examination  of  correlation  mat¬ 
rices  and  dendrograms  for  the  blogeochemlcal  data 
reveals  chat  some  of  Che  element  pairs  in  different 
blogeochemlcal  grids  do  not  have  the  same  degree  of 
linear  relationship.  This  makes  the  Interpretation  of 
blogeochemlcal  anomalies  difficult.  Some  of  the  fac¬ 
tors  which  may  have  pronounced  effect  on  the  accumul¬ 
ation  of  elements  In  plants  Include:  health  of  the 


plant,  depth  of  Che  root  system,  age  of  the  plants  or 
organs  sampled,  pH  of  the  soil,  drainage,  rainfall, 
availability  of  elements,  variable  shading,  and  the 
antagonism  of  ocher  elements.  A  lack  of  correlation 
of  Che  MEIS-II  data  with  the  blogeochemlcal  data  Is 
probably  due  to  tho  complex  nature  of  spectral  re¬ 
flectance  from  plants.  This  Is  because  the  reflec¬ 
tance  from  plants  depends  on  the  number  and  nature  of 
leaves  arrangement,  spectral  characteristics  of  crunk 
and  stalks,  solar  zenith  and  azimuth  angle,  and  Che 
reflectance  properties  of  the  background,  such  as 
soil,  rocks,  underscory  shrubs, and  vegetation  litter. 

Geochemical  Data 

In  the  clay-sized  fraction  of  geochemical  data, 
element  Zn  Is  highly  correlated  with  the  ferrous 
group  of  elements,,  namely  Fe,  Cr,  Ni,  Co,  and  Mn. 
This  can  be  Interpreted  as  Che  mobility  of  zinc  Is 
limited  by  Che  organic  activity  and  this  tends  to 
precipitate  with  limonlte  (Hawkes  and,  Webb,  1962). 
Cobalt  displays  a  strong  relationship  with  Mn,  Fe, 
and  Cr.  However,  Cu  and  As  show  fairly  low  correla¬ 
tions  with  other  elements  analyzed  for  the  clay-sized 
fraction  of  the  till.  This  Is  probably  due  Co  their 
high  mobility  in  acidic  solutions,  which  are  likely 
to  exist  In  areas  with  decaying  organic  activity. 
Uhenever  this  acidic  solution  mixes  with  fresh  water. 
It  would  result  In  a  change  of  Che  pH  and  thus  cause 
the  precipitation  of  certain  elements.  The  MEIS-11 
spectral  reflection  data  do  not  show  any  significant 
correlation  with  the  concentration  of  elements  In  the 
clay-sized  fraction  of  the  till  data. 

The  PCA  indicates  that  the  first  principal  compon¬ 
ent,  PCI  accounts  for  about  37.3  percent  of  the  vari¬ 
ations  in  the  clay-sized  fraction  of  Che  till  data, 
and  this  Is  mostly  due  to  the  ferrous  elements  and 
Che  concentrations  of  zinc.  The  PC2  explains  about 
13.6  percent  of  the  variation,  and  chat  is  due  to 
negative  loadings  of  Cu  and  As,  and*  the  positive 
loadings  of  Co  and  Cr,  and  to  some  extent  of  Mn.  The 
PC3  accounts  for  about  12  percent  of  the  variation, 
and  this  Is  because  of  Che  positive  loadings  of  Co 
and  Cr  and  the  negative  loadings  of  Pb  and  to  some 
extent  Zn. 

The  heavy  mineral  fractions  of  basal  till  have  been 
believed  to  be  derived  from  the  underlying  rock  form¬ 
ations  In  the  Farley  Lake  area  (Nielson  and  Graham, 
1985).  In  this  data,  Fe  has  strong  correlations  with 
Mn  and  Ml,  and  also  with  Cr.  The  element  Zn  shows  a 
moderate  relationship  with  the  ferrous  elements  ana¬ 
lyzed.  The  base  metal  elements  Cu  and  Pb  display  poor 
correlations  with  the  ferrous  elements  (Figure  5,  6, 
and  7b).  Furthermore,  the  MEIS-II  spectral  reflect¬ 
ance  data  do  not  show  any  significant  correlation 
with  the  geochemical  nature  of  the  heavy  mineral 
fractions  of  the  basal  till  data. 

When  the  results  of  cluster  analysis  are  compared 
with  PCA,  the  PCI  explains  about  44.5  percent  of  var¬ 
iation  In  the  data,  and  most  of  this  is  due  to  fer¬ 
rous  elements  and  Zn,  whereas  PC2  accounts  for  about 
20.5  percent  of  the  variation  and  that  Is  because  of 
Nl  and  Cr,  and  Pb.  In  the  samples  when  there  is  an 
Increase  In  the  Ni  and  Cr  concentrations,  there  ap¬ 
pears  to  be  a  decrease  In  Pb  concentration.  The  PC3 
explains  about  12,5  percent  variation  of  the  data, 
which  Is  again  mostly  due  to  positive  loadings  of  Ni 
and  Cr,  and  negative  loading  of  the  Cu. 

Aeromagnctlc  Data 

The  airborne  magnetic  data  are  available  as  verti¬ 
cal  field  gradlometer  rather  than  as  total  field  mag¬ 
netic  data,  therefore  It  can  not  be  compared  directly 
with  the  other  available  data  secs  by  coregistering 
It  CO  Che  common  base  of  longitude  and  latitude  coor- 
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dlnate  system.  Furthermore)  magnetic  data  were  col¬ 
lected  with  a  vastly  different  spatial  resolution  and 
direct  correlation  with  the  other  data  could  not  be 
easily  accomplished.  However,  it  was  interpolated  to 
a  regular  grid  and  a  gray  level  map  was  obtained 
(Figure  7a).  The  high  gradient  values  in  western  half 
of  the  study  area  indicates  the  presence  of  highly 
magnetized  formations  beneath  the  surflcial  glacial 
deposits.  These  anomalous  features  represent  either  a 
complex  geological  structure  or  a  simple  geological 
formation  with  highly  magnetized  material  distributed 
irregularly  in  the  matrix.  A  number  of  quantitative 
map  comparison  methods  arc  available  (Davis,  1973), 
but  a  visual  comparison  of  the  airborne  magnetic 
field  gradiometer  data  with  the  iron  concentration  in 
heavy  mineral  fraction  of  the  basal  till  (Figure  7b), 
and  the  available  geology  map  does  not  show  much 
similarity.  In  the  Farley  Lake  area,  overburden  is 
thick  and  no  significant  correlation  between  geochem¬ 
ical  and  airborne  field  gradiometer  data  was  expected 
(Figure  6  and  7).  Nevertheless  the  strong  gradient 
anomaly  in  the  west  is  expected  to  represent  subsur¬ 
face  geological  magnetic  features.  As  it  is  generally 
believed  that  the  features  on  the  magnetic  field  gra¬ 
dient  map  represent  subsurface  boundary  of  basement 
lithologic  units  with-  varying  degree  of  magnetiza¬ 
tion,  the  gray  level  map  of  this  data  suggests  that 
the  available  geology  maps  may  have  to  be  modified 
with  detailed  field  verification. 

CONCLUSIONS 

The  study  of  Farley  Lake  area  suggests  that  air¬ 
borne  remote  sensing  data  have  low  correlation  with 
the  blogeochemical  and  geochemical  data.  However, 
there  appears  to  be  some  positive  relationship  be¬ 
tween  iron  concentration  and  band2  of  the  MEIS-II 
data,  and  bandl  and  band2  indicate  moderate  correla¬ 
tion  with  MEIS-II  data  at  blogeochemical  grid  loca¬ 
tion  3.  There  is  high  correlation  among  ferrous  ele¬ 
ments  and  zinc  in  the  basal  till  geochemical  data. 
The  elemental  concentrations  in  the  clay-sized  frac¬ 
tions  are  effected  by  the  ionic  mobility  whereas  the 
elemental  concentrations  of  the  heavy  mineral  frac¬ 
tions  represent  resistant  component  of  the  till  geo¬ 
chemical  data,  which  are  not  effected  by  the  mobility 
of  ions  in  aqueous  phase.  The  nature  of  the  sampling 
plan  adopted  in  the  Farley  Lake  area  makes  it  diffi¬ 
cult  to  determine  that  the  anomalous  concentrations 
in  till  samples  correspond  to  the  anomalous  concen¬ 
trations  in  blogeochemical  data.  The  interpolated 
airborne  magnetic  field  gradiometer  data  do  not  have 
any  significant  correlation  with  geochemical  data. 
However,  airborne  magnetic  data  suggests  that  the 
available  subsurface  geology  maps  may  require  modifi¬ 
cations  to  account  for  the  anomalous  features. 

A  more  general  conclusion  of  this  study  is  that 
whenever  multi-media  data  are  available,  or  when  it 
can  be  obtained  by  digitizing  data  from  previous 
exploration  programs,  it  can  be  analyzed  rapidly  by 
digital  processing.  The  correlation  of  different  data 
set  using  the  type  of  approach  outlined  in  this  study 
allows  a  rapid  and  effective  evaluation  of  different 
parameters  measured  in  an  individual  data  set  and  the 
different  data  sets,  and  thus  provides  the  first  step 
for  systematic  integration  of  exploration  data. 
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FIGURE  CAPTIONS 

1.  Location  of  geochemical  samples  at  the  Farley 
Lake. 

2.  Location  of  blogeochemical  sample  grids. 

3.  Flow  chart  showing  data  processing  steps. 

4.  Mosaic  of  bandl  of  MEIS-II  data,  Farley  Lake 
produced  from  four  separate  images. 

5.  Dendrogram  of  heavy  mineral  fraction  of  till  geo¬ 
chemical  data  showing  hierarchical  relationships. 

6.  Gray  level  maps  of  element  concentrations  in 
heavy  mineral  fraction  of  till  geochemical  data 
(normalized  to  16  gray  levels):  (a)  Manganese 
(302-883  ppm),  (b)  Nickel  (3-13  ppm),  (c)  Copper 
(3-26  ppm). 

7.  Gray  level  map  (normalized  to  16  gray  levels): 
(a)  Aeromagnetic  vertical  field  gradiometer  data 
(min  -22.82  to  max  88.27),  (b)  Iron  concentration 
in  heavy  mineral  fraction  (0.986-3.155  percent). 
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3.  Flow  chart  showing  data  processing  steps. 
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4.  Mosaic  of  bandl  of  MEIS-II  data,  Farley 
Lake  produced  from  four  separate  images. 
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5.  Dendrogram  of  heavy  mineral  fraction  of 
till  geochemical  data  showing 
hierarchical  relationships. 


6.  Gray  level  maps  of  element  concentrations 
in  heavy  mineral  fraction  of  till  geochemical 
data  (normalized  to  16  gray  levels); 

(a)  Manganese  (302-883  ppm),  (b)  Nickel 
(3-13  ppm),  (c)  Copper  (3-26  ppm). 
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7.  Gray  level  map  (normalized  to  16  gray 
levels):  (a)  Aeromagnetic  vertical 
field  gradiometer  data  (min  -22.82  to 
max  88.27),  (b)  Iron  concentration  in 
heavy  mineral  fraction  (0.986-3.155  percent) 
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Abstract 

The  purpose  of  this  study  was  to  demonstrate 
and  investigate  the  use  of  synthetic  aperture  radar 
(SAR)  imagery  for  geologic  applications  in  Alberta. 
Regional  structural -physiographic  mapping,  oil  and  gas 
exploration  and  surficial  geology/ aggregate  exploration 
applications  were  investigated.  This  paper  reports  on 
methods  and  results  of  the  surficial  geology/aggregate 
exploration  applications.  The  SAR  data  were  digitally 
enhanced  and  analyzed,  and  hardcopy  outputs  were 
interpreted  and  compared  with  available  geologic 
information.  Results  indicate  that  SAR  provided  useful 
geologic  information  for  mapping  of  surficial  geology 
and  the  identification  of  areas  of  high  aggregate 
potential.  Optimal  digital  enhancement  techniques  were 
identified. 

KEYWORDS:  SAR,  Aggregate,  Surficial  Geology 


1.  INTRODUCTION 

Remote  sensing  studies  have  been  carried  out  for 
a  wide  variety  of  geologic  applications:  morphological 
and  lithological  mapping;  recognition  of  tectonic 
structures;  mineral  and  energy  exploration;  waste 
disposal  and  plant  siting;  and  data  input  to  the 
development  of  models  for  regional  and  continental 
tectonics  (Goetz  and  Rowan  1981;  Hardjoprawiro  and 
Irsyam  1984).  Yetabe  et  al.  (1985)  noted  increased 
geological  use  of  remote  sensing  in  Canada,  yet  in  their 
estimation,  the  technology  was  still  under  utilized. 

While  satellite  sensors  (visible  and  near 
infrared)  are  useful  for  geologic  applications,  airborne 
and  spaceborne  radar  can  provide  additional  information 
through:  (1)  acquisition  under  virtually  any  weather  or 
light  conditions;  (2)  sensitivity  to  surface  roughness 
and  dielectric  properties;  and  (3)  side-looking 
orientation  which  enhances  terrain  features,  due  to 
shadow  and  differential  backscatter  (Jackson,  1979). 
Thus,  the  interest  in  radar  for  geologic  applications 
has  grown  rapidly,  with  both  airborne  and  spaceborne 
systems  utilized.  The  objective  of  this  study  was  to 
evaluate  and  demonstrate  the  utility  of  an  active 
Imaging  microwave  sensor--synthetic  aperture  radar 
(SAR)--for  geologic  applications  in  Alberta.  This  paper 
reports  on  the  application  for  mapping  surficial  geology 
and  aggregate  potential  mapping. 


1.1  Study  Area 

The  study  area  was  located  in  the  vicinity  of 
Fort  HcHurray  (Tp. 88-91,’  R.8-10)  in  northeastern  Alberta 
(Figure  1).  This  area  has  gently  undulating  terrain 
incised  by  the  Athabasca  and  Clearwater  Rivers  and  their 
tributaries.  The  northern  boreal  forest  includes  pine 
forests  on  well-drained  areas  interspersed  with  poorly 
drained  spruce  and  shrub  bogs. 

Bayrock  and  Reimchen  (1973)  mapped  the  surficial 
geology  of  the  area  at  a  scale  of  1:250,000,  Gully  and 
creek  valley  deposits  form  a  thin  colluvium  over  bedrock 
on  valley  slopes,  and  thin  alluvial  materials  occur 
along  streams  and  the  Athabasca  and  Clearwater  Rivers. 
Stream  alluvium  (sand,  silt,  and  clay  deposits)  is  most 
extensive  along  the  Athabasca  River  north  of  the 
Clearwater  confluence,  and  along  the  Clearwater  River. 
An  area  of  fine-grained  aeolian  sand  mapped  north  of  the 
Clearwater  River  was  developed  from  glacial  outwash. 
Glaciolacustrine  clay,  silt,  and  sand  occur  extensively 
in  the  study  area.  Thick-bedded  clay  and  silt  with  minor 
sand  occurs  over  much  of  the  level  area  south  of  the 
Clearwater  and  Athabasca  Rivers  and  north  of  the 
Clearwater  River.  West  of  the  Athabasca  River  a 
glaciolacustrine  unit  contains  pebbles  and  till-like 
layers.  Glaciofluvial  meltwater  channel  outwash,  in  the 
central  portion  and  south  of  the  Clearwater  River,  are 
thin,  flat  sand  and  gravel  deposits  along  the  bottoms 
and  terraces  of  meltwater  channels.  Lastly,  the  thin 
kinosis  till-ground  moraine  (loam  with  numerous  pebbles 
and  boulders),  has  a  rolling  topographic  surface 
expression. 


2.  METHODS  AND  MATERIALS 

This  study  used  common  digital  image  analysis 
techniques  and  hardcopy  interpretive  methods  which  can 
be  easily  utilized  by  industry  and  government 
geologists. 

2.1  Remote  Sensing  Data 

SAR  data  were  acquired  on  December  24  1985  from 
an  altitude  of  9,148m.  (30,000  ft.)  above  ground  level. 
The  data  were  collected  in  high  resolution  mode  flying 
in  a  northerly  direction  and  looking  west.  A  Landsat 
Thematic  Mapper  (TM)  data  set  was  acquired  from  a 
Landsat  5  pass  on  18  September  1987  consisting  of  bands 
3  (0.63  to  0.69  urn),  4  (0.76  to  0.90  urn),  and  5  (1.55  to 
1.75  urn).  This  red,  near- infrared,  shortwave- infrared 
combination  was  identified  as  optimal  for  geobotanical 
investigations  (Hornsby  &  Bruce  1986). 
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2.2  Image  Analysis 

Image  analysis  consisted  of  four  stages: 
geometric  correction,  image  integration,  image 
enhancement,  and  image  output  (Figure  2).  The  ARIES  II 
Image  Analysis  System  at  the  Alberta  Remote  Sensing 
Centre  was  used  for  all  digital  image  analysis  tasks. 

Geometric  correction  of  the  SAR  imagery  to 
remove  image  distortion  involved  the  Interactive 
selection  of  ground  control  points  on  the  displayed 
image  and  on  the  corresponding  UTM  basemap.  Residual 
errors  in  excess  of  two  pixels  (25m)  were  eliminated 
prior  to  resampling.  Image  to  image  registration  was 
performed  to  correct  the  TH  data,  using  the  corrected 
SAR  as  the  base.  The  result  would  allow  for  integration 
of  the  two  datasets.  The  TM  data  was  resampled  to  12m. 
in  order  to  preserve  the  resolution  of  the  SAR  during 
the  integration  phase. 

The  radar  and  Landsat  datasets  wore  merged  by 
mathematically  combining  the  radar  data  with  each  of  the 
Landsat  bands.  This  allowed  all  three  bands  of  Landsat 
data  as  well  as  SAR  to  be  retained  in  the  final  merged 
image.  Two  approaches  were  tried:  (1)  addition  of  the 
radar  data  into  Landsat  TM  bands  3,4  and  5  with  a 
radiometric  rescaling  of  the  data;  and  (2)  multi¬ 
plication  of  each  of  the  TM  bands  by  the  radar  data  with 
radiometric  rescaling  of  results.  With  the  relatively 
low  dynamic  range  of  radar  response  in  the  Fort  McMurray 
area  due  to  the  low  topographic  relief,  the 
multiplication  method  (SAR  x  TM  Band)  provided  the  best 
output  image.  The  radar  data  were  clearly  present  but 
did  not  mask  the  TM  data;  with  the  addition  method  the 
radar  was  masked  in  the  final  output  image. 


Raw  SAR  data  are  very  dark  and  have  little 
contrast  when  displayed.  In  order  to  maximize 
interpretability,  a  linear  contrast  stretch  increased 
the  apparent  contrast  in  the  image  by  spreading  the  data 
over  the  full  dynamic  range  (0  to  255  grey  levels). 
Directional  convolution  filters  were  applied  to  the 
imagery  to  enhance  changes  in  pixel  values  along 
straight  of  curved  geologic  features.  In  combination 
with  a  linear  contrast  stretch  enhancement,  directional 
filters  of  the  principal  compass  directions  (N-S,  NE-SW, 
E-W,  SW-NE)  are  good  enhancements  for  extracting 
geologic  information  related  to  linear  and  curvilinear 
features  (Moore  and  Waltz  1983;  Hornsby  et  al.  1984).  A 
filter  size  of  5  by  5  pixels  provided  optimum  results; 
a  smaller  filter  size  did  not  as  effectively  reduce  land 
cover  noise,  and  a  larger  size  eliminated  some  of  the 
higher  spatial  frequency  features. 

The  enhanced  images  were  output  to  two  different 
hardcopy  image  recording  systems:  (1)  FIRE  laser  image 
recorder;  (2)  IMAPRO  image  recorder. 

2.3  Image  Interpretation 

The  enhanced  images  were  enlarged  and  printed 
at  a  1:50,000  scale.  Interpretation  was  carried  out  on 
acetate  overlays  over  the  hardcopy  images. 
Interpretation  involved  standard  photo  interpretive 
techniques  (tone,  texture,  pattern,  shape,  size  and 
association  characteristics  of  the  image). 

Interpretation  of  the  data  set  was  carried  out 
in  two  stages.  The  first  stage  involved  the  mapping  of 
surficial  geologic  units.  The  interpretation  was  based 
primarily  on  the  SAR-TM  enhancement  enlarged  to  a  scale 


of  1:50,000.  Directional  filter  enhancements  and  the 
contrast  stretch  of  the  radar  data  were  also  used  during 
the  interpretation  process.  The  second  stage  consisted 
of  producing  a  second  overlay  with  shaded  areas 
indicating  areas  of  high,  medium,  and  low  potential.  In 
addition,  specific  targets  were  identified  for  follow¬ 
up  ground  work  in  locating  deposits  which  are  suitable 
for  cost-effective  excavation. 

3.0  RESULTS 

While  the  Landsat  TH  provided  detailed 
vegetation  information  which  is  strongly  related  to  site 
drainage  characteristics,  the  SAR  enhanced  subtle 
topographic  features  indicative  of  previous  glacial 
activity  and  resultant  surficial  deposits. 

3.1  Surficial  Geology  Napping 

Five  major  surficial  deposit  typps  were  mapped 
from  the  imagery.  These  Included  recent  alluvial  and 
erosional  deposits,  and  Pleistocene-aged  glaciofluvial , 
glaciolacustrinc,  and  _  glacial  deposits.  The 
glaciolacustrine  and  glaciofluvial  units  were  further 
sub-divided  on  the  basis  of  differing  image 
characteristics.  Specific  descriptions  of  the  major 
units  were  derived  from  supporting  published  material 
(Bayrockand  Reimchen,  1973).  Till-ground  moraine  mapped 
in  the  eastern  half  of  the  study  area  north  of  the 
Clearwater  River  appeared  on  the  imagery  as  a 
distinctive  reddish-purple  colour  with  homogenous 
texture.  The  areas  were  more  discontinuous  than  previous 
mapping  at  a  scale  of  1:250,000  indicated.  The 
reflectance  characteristics  suggest  coarser  materials 
than  the  surrounding  glaciolacustrine  and  glaciofluvial 
deposits. 

The  glaciofluvial  deposits  were  divided  into  two 
types:  (1)  a  silt,  sand  and  gravel  unit  (-Ba);  and  (2)  a 
clay,  silt,  sand  unit  (2b).  These  were  distinguished  on 
the  imagery  primarily  on  the  basis  of  tone,  texture,  and 
pattern.  Unit  2a  had  a  reddish-brown  colour  containing 
curvilinear  patterns  Interpreted  as  glaciofluvial 
channels  (supported  by  the  work  of  Bayrock  and  Reimchen 
U973)).  The  radar  data  enhanced  the  subtle  channel 
indicators  while  the  multispectral  data  aided  in 
defining  the  boundaries  between  the  two  units.  The 
channel  patterns  detected  by  both  the  radar  and  the  TH 
sensors  showed  the  two  units  east  of  the  Athabasca  River 
and  south  of  the  Clearwater  River  to  be  glaciofluvial  in 
origin. 

Glaciolacustrine  deposits  occurred  extensively 
in  the  study  area.  Three  types  of  deposits  were 
identified  by  comparing  the  mapped  units  with  those 
interpreted  from  the  imagery.  A  clay-silt  type  (3a)- 
(seen  as  light  brown)  and  a  sand-silt  type  (3c)  (seen  as 
dark  brown)  could  be  separated  on  the  basis  of  differing 
tones  of  brown.  The  third  unit  (3b)  was  not  described  by 
Bayrock  and  Reimchen,  but  was  mapped  from  the  imagery 
due  to  its  contrasting  colour  of  green  compared  to  the 
light  and  dark-brown  of  the  other  two  units.  Several 
other  undifferentiated  glaciolacustrine  (3)  areas  were 
mapped.  These  areas  were  thus  considered  because  of 
their  association  with  other  glaciolacustrine  units, 
even  though  they  appeared  slightly  different  in  colour. 

Recent  alluvial  deposits  are  extensive  along  the 
Athabasca  and  Clearwater  River  floodplains.  Meander 
scars  and  channel  bars  are  readily  identifiable  on  both 
the  radar  and  digitally  merged  SAR-TH  images  along  the 
river.  The  materials  consist  of  sand,  silt,  and  clay 
(Bayrock  and  Reimchen,  1973).  Meander  scars  occur  as 
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distinct  tonal  changes  in  the  imagery  due  to  changing 
cover  types  controlled  by  the  feature  morphology.  The 
arcuate  shape  is  also  characteristic  of  meander  scars 
and  oxbows.  Recent  erosional  deposits  along  gullies, 
creeks  and  river  valleys  can  generally  be  described  as 
thin  colluvium  over  bedrock  on  valley  slopes.  These  do 
not  represent  significant  accumulations  of  materials  but 
are  distinct  due  to  the  different  geomorphic  processes 
involved  in  their  formation. 

3.2  Aggregate  Potential 

Areas  of  high,  medium,  and  low  aggregate 
potential  were  mapped  based  on  the  surficial  geologic 
units  present.  Areas  of  glaciofluvial 
deposition  were  considered  to  be  of  highest  potential 
due  to  the  coarser  nature  of  the  materials  as  compared 
to  glaciolacustrine  deposits.  The  high  energy 
depositional  environment  also  provided  the  opportunity 
for  concentrations  of  deposits  to  occur  in  channels. 
These  channels,  located  in  Unit  2a,  were  identified  as 
the  targets  for  concentrated  field  exploration.  The 
glaciofluvial  Unit  2b  was  considered  of  moderate 
potential.  Channels  within  this  unit  were  also  singled 
out  as  potential  exploration  targets.  The  areas  of 
lowest  aggregate  potential  were  in  the  recent  alluvial 
deposits  along  the  river  floodplains.  These  areas 
represent  a  source  of  sand  but  environmental  concerns 
would  likely  limit  the  extraction  of  materials  from 
these  areas. 


4.0  Conclusions 

Interpretation  of  surficial  geology  and 
aggregate  potential  from  the  imagery  indicates  the  radar 
and  multi  spectral  data  are  appropriate  sources  of 
Information  of  this  type.  The  combined  SAR-TH 
enhancement  was  more  useful  than  SAR  alone  because  the 
TH  provided  additional  information  in  areas  of 
homogeneous  radar  response.  The  two  data  types  are 
complimentary:  SAR  provides  more  information  related  to 
topographic  features,  while  the  TM  is  more  sensitive  to 
vegetation  types  and  distribution,  and  provides 
information  related  to  subtle  changes  in  materials  as 
reflected  in  the  vegetation  cover.  Combined  with 
conventional  field  investigations  ,  this  imagery  would 
provide  a  means  for  rapidly  and  cost-effectively 
mapping.  Subsequent  field  efforts  could  be  optimized 
through  preliminary  image  interpretation.  A  final 
refined  map  could  then  be  produced  from  the  preliminary 
interpretation  based  on  field  investigations. 

The  identification  of  targets  for  aggregate 
exploration  does  not  necessarily  require  mapping  of  the 
surficial  geology,  although  a  knowledge  of  the 
geomorphology  is  required  to  make  educated  judgements  on 
the  location  of  potential  aggregate  sources.  The  imagery 
provides  information  on  subtle  changes  within  a  given 
surficial  unit  that  is  not  available  through 
conventional  photography.  This  does  not  suggest  the 
exclusion  of  air  photos  in  the  exploration  process,  but 
rather  their  use  in  a  complementary  role. 

Conclusions  were  made  regarding  the  advantages 
and  disadvantages  of  using  SAR  for  geologic 
applications.  The  most  significant  advantage  is  that  SAR 
provides  geologic  information  not  always  available  from 
more  conventional  visible  and  near-infrared  remote 
sensors. 


Advantages  of  SAR: 

1)  provides  geologic  information  available  from 
other  remote  sensors  or  geophysical 

techniques; 

2)  provides  a  continuous  record  and  a  regional 
view; 

3)  raosaicing  provides  large  area  mapping 
capability; 

4)  data  may  be  collected  independent  of  weather 
and  light  conditions; 

5)  relative  low  cost  compared  to  other  Jata 

types; 

6)  most  useful  in  remote  areas  with  little 
geologic  information. 

Disadvantages  of  SAR: 

1)  not  collected  on  a  regular  basis; 

2)  geometric  distortions  requiring  correction; 

3)  large  data  volume. 
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ABSTRACT 

•Multiband  radiometric  data  from  an  airborne 
imaging  thermal  scanner  are  being  studied  for 
use  as  an  exploration  tool  to  find  buried 
gravel  deposits.  The  techniques  will  be  based 
upon  measuring  relative  differences  in  the 
thermal  properties  between  gravel-laden  targets 
end  the  surrounding  gravel-less  background. 
These  properties  will  be  determined  from 
modeling  the  spectral  radiant  emittance 
recorded  over  both  types  of  surfaces  in  con¬ 
junction  with  ground  measurements  of  the  most 
significant  heat  flows  above  and  below  the 
surface.  Thermodynamic  properties  of  sampled 
materials  from  control  sites  will  be  deter¬ 
mined,  and  diurnal  and  annual  subsurface  heat 
waves  will  be  recorded.  Thermal  models  that 
account  for  heat  exchange  at  the  surface  as 
well  as  varying  levels  of  soil  moisture, 
humidity,  and  vegetation  are  needed  for 
adaptation  and  modification  to  simulate  the 
physical  and  radiative  environments  of  this 
region.  The  models  will  attempt  to  relate  the 
.thermal  and  molecular  properties  of  the 
materials  to  the  apparent  temperatures  derived 
from  their  spectral  emittance.  Details  of 
preliminary  findings  from  this  first  six  months 
of  the  three  year  project  are  presented.  These 
results  are  from  initial  efforts  to  duplicate 
data  processing  and  analysis  techniques  between 
research  partners  and  to  establish  a  common 
baseline  of  understanding  from  which  to 
proceed. 

(Key  Words:  Soil  Physics,  Emission  Spectrom¬ 
etry,  Remote  Sensing,  Gravels,  Thermal  Models) 

INTROPnCTTON 

This  paper  discusses  research  underway  between 
the  National  Aeronautics  and  Space  Administra¬ 
tion,  Science  and  Technology  Laboratory  and  the 
U.s.  Forest  Service  -  southern  Region.  This 
project  was  made  possible  by  an  award  recieved 
through  a  response  made  to  the  NASA  Office  of 
Space  Science  and  Applications  research 
announcement  for  Remote  Sensing  Applications 
and  Commercialization.  T.he  emphasis  is  to 
locate  gravel  deposits  underlying  certain 
National  Forest  lands  on  the  Gulf  of  Mexico 
Coastal  Plains  so  that  a  rationale  can  be 
developed  for  their  proper  management  as  a 
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construction  material  in  concert  with  environ¬ 
mental  and  ecological  management  consider¬ 
ations.  This  non-renewable  resource  is  of 
major  importance  in  the  overall  management  of 
the  national  forests  and  as  such  represents  a 
significant  economic  asset.  Knowledge  of  its 
location  and  abundance  is  essential. 

AEERPAGH 

This  study  will  determine  if  surveys  using 
airborne,  imaging  thermal  spectroradlometers 
are  warranted  for  locating  subsurface 
occurrences  of  these  materials.  A  six-band, 
thermal  infrared  multispectral  scanner  (TIMS) 
that  is  capable  of  resolving  less  than  0.2 
degree  differences  between  objects  will  be  used 
for  the  study.  The  six  bands  spah  the  8  to  12 
micron  wave  lengths  in  the  mid  infrared  portion 
of  the  electromagnetic  spectrum.  This  area  of 
the  spectrum  is  particularly  useful  for 
identifying  geologic  materials.  High 

absorption  features,  at  10  microns  caused  by 
extreme  electron  vibrations  from  molecular  bond 
stretching  in  the  Si02  molecule  prevalent  in 
the  chert  gravels,  and  similarly  at  11  microns 
from  bond  stresses  in  the  AlOH  radicals  of 
clays,  are  easily  recognizable. 

The  thermal  properties  of  gravels  and  soils  are 
of  equal  importance  to  their  spectral  charac¬ 
teristics  in  providing  clues  to  the  locations 
of  substantial  deposits  of  gravels.  The  higher 
thermal  inertia  of  gravel-sand-clay  mixtures 
relative  to  adjacent  fine  grained  soils  reduces 
the  temperature  variation  of  the  graveled 
bodies  from  day  to  night  and  likewise  at  depth 
on  an  annual  basis  from  summer  to  winter.  This 
characteristic  causes  the  graveled  bodies  to 
show  a  lower  temperature  than  adjacent  soils 
on  imagery  acquired  during  early  morning  hours 
at  the  end  of  Summer  when  ground  radiation  is 
at  a  maximum. 

Full  solution  of  the  problem  will  require 
determination  of  the  benefit  of  preprocessing 
the  data  for  spectroradiometric  calibration, 
atmospheric  path  radiance  correction,  signature 
extendibility,  heat  flux  simulation,  geometric 
rectification,  geo-location,  and  verification 
of  prospects.  Supporting  field  work  includes 
comparative  monitoring  of  subsurface  thermal 
parameters  in  gravel  deposits  and  non-gravel 
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soils  for  itiaximizina  differentials  between 
target  and  background  radiant  emission  in  order 
to  time  airborne  data  acquisition.  Also, 
thermal  emission  spectra  will  be  measured  at 
ground  level  in  conjunction  with  mineralogic 
and  textural  studies  for  site  characterization. 


PRELIMINARY  RESULTS 

These  physical  attributes  were  exploited  when 
processing  archived  TIMS  data  that  was 
collected  over  the  Kisatchie  National  Forest 
in  October  of  1983.  Software  at  both 
Installations  has  been  used  to  perform  a 
density  slicing  technique  that  permits 
isolation  of  ^x^ls  containing  candidate 
spectral  signatur,es '  within  the  emission 
temperature  range  sought.  Initially  these 
signatures  were  identified  through  correlation 
with  known  gravel  Jbo^les.  The  presence  of 
gravel  at  other  locations  is  being  verified  by 
field  reconnaissance  and  test  hole  drilling 
with  a  Mobile  B-60  ■'drill  rig  located  on  the 
Kisatchie  National  Forest  near  Alexandria, 
Louisiana. 

Bands  1,3  and  6  were  used  to  delineate  the 
typical  quartz  signature,  showing  the 
absorption  feature  in  band  3.  While  it  was 
possible  to  correlate  the  TIMS  data  with  areas 
of  known  gravel  concentration,  the  same 
signature  would  also  delineate  other  areas 
without  gravel,  Subsequent  studies  of  the  6 
band  signatures  of  these  same  areas  revealed 
that  wide  variations  in  bands  4  and  5  existed 
without  effecting  bands  1,  3  and  6.  Further 
work  with  6  band  signatures  succeeded  in 
deleting  many  of  the  non-graveliferous  areas 
from  the  images. 

In  all  cases,  the  areas  of  known  gravel 
occurrences  showed  the  lowest  temperatures  due 
to  their  high  thermal  inertia  retaining  heat 
flow  to  the  surface  when  compared  to  adjacent 
non-graveliferous  areas.  This  distinction  was 
found  to  be  of  prime  importance  since  a  sandy 
surface  without  gravel  also  produces  a  similar 
quartz  signature.  However,’  even  with  tnls 
distinction,  a  few  non-graveliferous  areas  in 
the  images  matched  the  signature  and  surface 
temperatures  of  the  areas  with  gravel.  Field 
reconnaissance  of  these  areas  found  them  to  be 
a  thin  layer  of  sand  overlying  a  moist  sandy 
clay.  This  combination  provides  a  like 
signature  and  thermal  inertia  to  the  graveled 
areas . 

A  review  of  the  thermal  properties  of  the  two 
materials  revealed  that  although  the  thermal 
inertia  is  nearly  the  same,  the  dlffusivity  of 
the  sandy  clay  is  only  one-third  of  the 
dlffusivity  of  the  sandy  gravel.  The  thin 
layer  of  sand  overlaying  the  sandy  clay  pre¬ 
vents  the  diurnal  solar  heat  from  penetrating 
more  than  a  few  centimeters,  resulting  in  a 
cool  ground  surface  in  the  early  morning  hours 
when  the  imagery  was  flown.  This  situation 
differs  markedly  from  that  of  the  gravel 
deposits  since  the  sandy  clay  does  not  contain 
comparable  heat.  Studies  are  now  underway  to 
determine  a  means  to  differentiate  between 
these  two  materials.  Options  currently  under 
consideration  Include  varying  the  time  of 
flight  to  alter  the  effects  of  the  diurnal 


temperature  variation  superimposed,  and  upon 
the  seasonal  variation,  simultaneous  processing 
of  multi-flight  images,  when  available,  to 
capture  times  of  differing  thermal  response. 

Additional  TIMS  imagery  acquired  September  28, 
1984,  over  portions  of  the  Desoto  N.F.  in 
southeastern  Mississippi  and  the  Oakmulgee 
Division  of  the  Talladega  N.F.  in  central 
Alabama  have  peinnitted  a  comparison  with 
results  obtained  from  the  Kisatchie  Imagery. 
The  predominate  mineral  signature  of  the  Desoto 
and  Oakmulgee  imagery  differs  strikingly  from 
that  of  the  Kisatchie.  The  absorption  feature 
shifted  from  band  3  to  band  4,  and  the  peak 
value  moved  from  band  5  or  6  to  band  2, 
indicating  the  high  iron  content  in  the 
surficial  quartz  sands  of  those  areas.  Only 
a  few  isolated  areas,  where  surficial  sands 
have  been  removed  by  land  management  activities 
or  river  erosion,  show  the  typical  quartz 
signature  similar  to  the  Kisatchie  Imagery. 

Comparison  of  Oakmulgee  TIMS  data  with  field 
data  again  showed  lower  surface  temperatures 
in  areas  known  to  contain  gravel.  All  of  these 
areas  showed  their  absorption  feature  in  band 
4.  The  only  quartz  signature  present  in  the 
Oakmulgee  area  emanates  from  sand  bars  adjacent 
to  the  river.  Additional  field  verification 
will  be  required  to  determine  whether  or  not 
the  gravel  signature  also  Includes  areas  of 
other  materials  with  high  thermal  Inertia. 

The  low  surface  temoerature  feature  at  known 
gravel  deposits  was  noticeably  absent  from  the 
Desoto  imageiry.  Temperature  variations 
appeared  to 'be  ’nfluenced  most  by  vegetation 
and  surface  moisture.  A  review  of  the  rainfall 
records  for  the  two  areas  offered  a  probable 
explanation.  Rainfall  was  recorded  on  the 
September  22,  23  and  24  in  the  Desoto  area  just 
four  days  prior  to  obtaining  the  imagery.  In 
contrast,  the  rainfall  records  for  Oakmulgee 
showed  a  high  forest  fire  index  which  indicates 
exceptionally  dry  ground  conditions.  This 
presence  of  surficial  moisture  in  the  Desoto 
area  effectively  overwhelms  the  thermal  iner¬ 
tial  differences  provided  by  gravel  deposits. 

While  these  initial  successes  in  correlating 
processed  images  with  known  gravel  deposits 
show  promise,  some  refinement  of  the  process 
will  be  required  before  this  method  offers  real 
advantage  over  traditional  means  of  locating 
new  gravel  deposits .  Many  of  the  indicated 
gravel  deposits  in  the  images  have  proven  to 
be  only  a  few  feet  in  thickness  and,  therefore,' 
of  no  commercial  value.  Those  areas  already 
explored  in  the  field  are  easily  accessible. 
Many  other  prospects  remain  inaccessible 
without  considerable  work  involving  clearing 
of  underbrush  and/or  construction  of  access 
roads.  Some  additional  assurance  of  deposit 
size  is  required  before  land  managers  are 
willing  to  undertake  this  kind  of  effort.  The 
alternative  is  to  wait  until  other  land 
management  activities  coincidentally  provide 
access  to  an  indicated  area. 

In  addition  to  this  problem  of  differentiating 
between  significant  and  insignificant  deposits, 
another  problem  exists  because  several  known 
substantial  deposits  remain  hidden  in  the 
imagery  due  to  exceptionally  heavy  vegetation 
which  holds  heat  above  the  ground  through  the 


night  and  prevents  the  ground  surface  from 
being  cooled.  This  type  of  problem  may  be  only 
solved  through  repeated  surveillance  by 
aircraft  or  satellite,  thus  taking  advantage 
of  the  effect  of  cyclic  land  management 
activities . 

Locating  indicated  gravel  deposits  in  the  field 
is  another  problem.  In  order  to  find  a 
specific  small  area  within  the  vast,  generally 
homogeneous  expanses  of  forested  country,  a 
means  other  than  visual  recognition  is 
required.  Actual  surficial  appearances  of  a 
substantial  gravel  -deposit  differ  little  from 
adjacent  areas.  Determination  of  the  exact 
field  location  of  any  pixel  is  possible  only 
with  accurate  georeferencing  of  the  imagery 
during  flight  along  with  use  of  a  portable  GPS 
receiver  on  the  ground  during  surveys.  GPS 
satellites  currently  in  orbit  are  too  few  to 
allow  georeferencing  at  optimum  times  for  data 
acquisition  except  in  coincidental  cases .  GPS 
equipment  is  still  in  the  developmental  stage, 
expensive  and  lacking  user  convenience.  The 
inertial  navigation  system  currently  in  use  on 
the  NASA  Lear  jet  does  not  account  for  all  of 
the  aircraft  motion  that  is  distorting  the 
image.  All  of  these  deficiencies  must  be 
successfully  dealt  with  by  replacement  and  or 
substitution  before  accurate  ground  location 
will  be  possible. 

Approximate  locations  from  unreferenced  imagery 
can  be  obtained  by  comparison  with  standard 
USGS  map  quadrangles  and  aerial  photography, 
but  this  method  often  results  in  confusion  and 
doubt  in  the  field,  when  surficial  evidence  is 
sparse.  Accurate  registration  between  ground 
and  imagery  is  required  before  positive  veri¬ 
fication  is  possible. 
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BACKSCATTER  ANALYSIS  OF  AIRBORNE  RADAR: 
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ABSTRACT 

Multi-channel  airborne  radar  data  acquired  by  CCRS  and 
INTERA  Technologies  Ltd.  is  assessed  for  its  value  in 
improving  a  TM-based  geobotanical  classification  of  the 
Mazinaw  Lake  area  in  ceo'ral  Ontario.  Radar  backscatter'for 
each  radar  pass  (total  of  three)  is  analyzed,  with  respect  to 
surface  parameters  such  as  topography  and  to  radar  parameters 
such  as  incidence  angle  and  look  direction.  Topographic 
variables  such  as  slope  and  aspect  were  calculated  from  a  DTM 
and  compared  to  relative  radar  backscatter  using  multiple 
regression  techniques.  A  method  for  identifying  pixels  whose 
backscatter  showed  a  strong  correlation  with  topographic 
variables  (slope  and  aspect)  was  developed.  These  pixels  which 
showed  strong  topographic  effects  were  used  to  create  a 
"topographic  mask"  to  compare  with  the  geobotanical 
classification  derived  from  the  TM  data. 

KEYWORDS:  geobotany,  radar,  DTM,  radar  look  direction 
bias 

1.0  INTRODUCTION 

The  Geological  Applications  Group  of  the  Canada  Centre 
for  Remote  Sensing  (CCRS)  has  initiated  a  research  project  in 
the  Mazinaw  Ltike  area  of  central  Ontario  to  evaluate  a  remote 
sensing  data  set,  including  airborne  radar,  TM  data  and  a  DTM 
(digital  terrain  model),  for  the  mapping  of  geobotanical 
anomalies  potentially  associated  with  regional  gold  and  base 
metal  mineralization  (Hornsby  et  al.,  1988).  Hornsby  et  al., 
1987,  using  TM  data  and  supervised  classification,  have 
produced  a  geobotanical  classification  of  the  study  area. 

The  objective  of  this  interim  report  is  to  evaluate  the 
general  contribution  of  airborne  radar  for  defining  regional 
geobotanical  anomalies.  This  involves  studying  the  terrain 
factors  which  are  responsible  for  radar  backscatter.  This  is 
accomplished  by  comparing  the  radar  digital  number  (DN) 
values  to  the  DTM  data,  particularly  slope  and  aspect.  The  end 
result  is  an  assessment  of  the  contribution  of  topography  on 
radar  backscatter.  Secondly,  a  method  for  identifying  pixels 
whose  backscatter  show  a  strong  correlation  with  topographic 
variables  (i.e.  slope  and  aspect)  is  developed.  These  pixels  are 
used  to  produce  a  "topographic  mask"  which  is  applied  to  the 
TM-based  classification  produced  by  Hornsby  et  al.,  1987  to 
isolate  pixels  where  the  influence  of  topographic  variables  on 
solar  reflectance  is  minimal,  thus  helping  to  identify  areas  that 


are  potentially  anomalous  with  respect  to  mineralization.  This 
particular  paper  represents  -a  summary  of  the  results  achieved 
to  date.  Research  is  on-going  and  further  results  are 
forthcoming. 

2.0  DATA  PROCESSING 

A  sub-area  of  the  Mazinaw  Lake  study  area  was  defined 
(see  Fig.l)  which  is  covered  by  three  radar  images,  two  CCRS 
C-SAR  images  and  one  INTERA  STAR-1  image.  The  two 
CCRS  C-band  images  were  acquired  in  Oct.,  1987  at  a 
resolution  of  approximately  20  m.  in  range  and  10  m.  in  azimuth 
and  formatted  with  12  m.  pixels.  Polarization  was  HH  and 
incidence  angles  ranged  from  45°  in  the  near  range  to  85°  in  the 
far  range.  The  INTERA  X-band  image  was  acquired  in  Jan., 
1987  at  a  resolution  of  12  m.  in  range  and  4  m.  in  azimuth  and 
formatted  with  12  m.  pixels.  Polarization  was  HH  and  incidence 
angles  ranged  from  59°  in  the  near  range  to  82°  in  the  far  range. 
Figure  2  is  a  schematic  diagram  showing  the  look  direction  of 
each  radar  image  and  the  associated  slope  enhancement  zone 
(ie  ±  20°  from  the  normal  to  the  radar  look  direction)  as  well 
as  the  sun  azimuth  direction  for  the  TM  data.  Note  that  the 
look  direction  for  the  STAR-1  image  and  the  sun  azimuth  for 
the  TM  imagery  are  almost  the  same. 

Each  radar  image  was  co-registered  to  a  12  meter  pixel  size 
and  then  median  filtered  (5x5)  to  help  reduce  the  effects  of 
speckle.  A  DTM  and  TM  imagery  were  also  resampled  to  12 
m.  pixels  and  registered  to  the  radar  imagery.  All  image 
processing  was  undertaken  using  a  micro-based  image  analysis 
system  (Easi/Pace  from  PCI).  Correlation  coefficients  for  each 
radar  image  pair  were  calculated  using  the  image  analysis 
system.  The  lowest  correlation  was  between  the  C-SAR  (line  4, 
pass  5  -L4P5)  and  the  STAR-1  image  (-.004)  as  they  are  of 
opposing  look  directions  (approximately  180  degrees  divergent) 
while  the  C-SAR  (L1P2)  and  the  STAR-1  had  the  highest 
correlation  coefficient  (.55). 

3.0  ANALYSIS 

This  section  consists  of  two  parts: 

1.  comparison  of  the  radar  data  to  slope  and  aspect 
data  derived  from  the  co-registered  DTM; 

2.  comparison  of  the  classified  TM  imager  to  the  radar 
imagery  and  slope  and  aspect  data. 
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3.1  Comparison  of  the  Radai  Imacerv  to  Slone  and  Aspect 

The  effect  of  slope  aspec.  is  shown  graphically  in  Figure  3 
where  slope  aspect,  which  ha»  been  divided  into  36  classes  (10° 
intervals),  is  plotted  against  the  correlation  coefficient  between 
radar  DN  and  slope  for  each  aspect  class.  It  can  be  seen  that 
a  higher  correlation  between  radar  DN  and  slope  exists  for 
slopes  that  are  oriented  approximately  ±  20°  to  the  normal  of 
the  radar  look  direction.  Furthermore,  DN  values  are  on 
average  15  to  20  higher  for  slopes  oriented  ±  20°  to  the  normal 
of  the  radar  look  direction  than  slopes  outside  this  zone, 
verifying  the  radar  look  direction  bias  (Harris,  1984).  Also  note 
the  effect  of  opposing  look  directions  for  the  STAR-1  and  C- 
SAR  (L4P5)  data  on  the  results.  The  C-SAR  (LAPS)  is  imaging 
the  backslopes  of  the  foreslopes  imaged  by  the  STAR-1  and  vice 
versa. 

Figure  4  shows  a  graph  in  which  slope  and  local  incidence 
angle  is  plotted  against  radar  DN.  The  slope  data  were  divided 
into  16  classes  and  the  mean  DN  value  for  the  STAR-1  and  C- 
SAR  (L4P5)  was  calculated.  Only  the  STAR-1  and  C-SAR 
(L4P5)  radar  data  were  used  as  their  look  directions 
approximated  the  TM  sun  azimuth.  The  slope  classes  and 
associatetj  radar  mean  DN  values  were  used  in  a  linear 
regression  of  the  data.  The  R^  values  are  shown  in  Figure  4  for 
all  slopes  and  only  those  slopes  oriented  ±  20°  to  the  normal  of 
the  radar  look  direction.  It  can  be  seen  that  the  correlation 
between  slope  and  radar  mean  DN  is  generally  low  for  all 
slopes  but  much  higher  (R^  >  .85  and  significant  at  .01  )  for 
slopes  facing  the  radar  look  direction.  The  regression  indicates 
that,  at  least  for  slopes  facing  the  look  direction,  greater  than 
85%  (R^)  of  the  radar  backscatter  can  be  attributed  to  the 
effect  of  slope. 

To  further  evaluate  these  effects  the  cumulative  histograms 
for  the  STAR-1  and  C-SAR  (L4P5)  data  were  divided  into  16 
density  classes  (DN)  above  approximately  the  70%  level. 
Graphs  in  which  the  average  slope  and  aspect  were  plotted  for 
each  DN  class  were  constructed.  Multiple  regression  using  DN 
as  the  dependent  variable  and  slope  and  aspect  as  the 
independent  variables  for  the  data  above  the  75%  level  of  the 
cumulative  histogram  indicates  that  slope  and  aspect  account  for 
approximately  80%  of  the  radar  backscatter  on  average  (R^ 
=.74  and  .87  for  the  C-SAR  (L4P5)  and  STAR-1  data 
respectively,  significant  at  .01) 

3.2  Comparison  of  the  TM  Classifications.  Radar  and  DTM 

Data 

Based  on  the  results  discussed  above  a  map  was  produced 
showing  areas  where  the  effect  of  topography  on  the  TM 
classifications  would  be  expected  to  be  the  greatest.  This  map, 
shown  ..  Figure  5,  was  produced  by  dividing  the  aspect  data  to 
include  only  slopes  that  are  ±  20°  to  the  normal  of  the  STAR- 
!  look  direction  which,  as  mentioned  previously,  is  in  the  same 
direction  as  the  TM  sun  azimuth.  This  "topographic  influence 
mask"  was  logically  combined  with  each  class  of  the  TM-based 
classification  to  determine  the  intersection,  thus  establishing 
areas  of  the  TM  classifications  where  the  effect  of  topography 
would  be  more  prevalent. 

Mean  DN  values  for  the  three  radar  images  and  TM  band 
4  are  plotted  for  each  TM  class  in  Figure  6.  In  general  TM 
bands  4  and  5  were  found  to  show  more  topographic  influence 
than  bands  1, 2  and  3,  and  the  resulting  graphs  for  bands  4  and 


5  were  similar.  Theiefore,  only  the  results  for  TM  band  4  are 
displayed  in  Figure  6.  Figure  6  shows  that  the  relative  shapes 
of  the  curves  for  the  STAR-1  data  and  the  TM  data  are  the 
same  suggesting  that  influence  of  topography  is  similar  for  both 
types  of  imagery.  Comparing  the  curves  calculated  using  all 
slopes  and  slopes  oriented  ±  20^  to  the  normal  of  the  STAR-1 
look  direction  shows  that,  although  the  overall  shapes  of  the 
curves  are  similar,  the  absolute  mean  values  increase  by  about 
20  DN  for  the  radar  and  approximately  5  DN  for  the  TM  data 
for  ±  20°  slopes.  This  again  demonstrates  the  effect  of  slope 
aspect  in  relation  to  the  radar  look  direction/sun  azimuth 
direction.  This  effect  is  much  stronger  for  the  radar,  as  would 
be  expected,  as  radar  is  an  active  unidirectional  sensor. 

Table  1  is  a  tabulation  of  the  average  STAR-1  DN  values 
for  all  slopes  and  slopes  oriented  ±  20°  to  the  normal  of  the 
look  direction,  as  well  as  average  slope  and  aspect  for  each  TM 
derived  class.  In  addition,  the  number  of  pixels  in  each  TM 
class  and  the  number  of  pixels  which  intersect  the  "topographic 
influence  mask"  expressed  in  absolute  and  percent  values  are 
tabulated.  The  topographic  influence  on  each  TM  class  can  be 
determined  from  Table  1  and  is  the  strongest  for  the  classes 
that  have  the  highest  mean  radar  value  and,  concomitantly  the 
greatest  number  of  pixels  intersecting  the  "topographic  influence 
map".  Note  that  the  TM  classes  with  the  highest  radar  mean 
values  also  are  associated  with  higher  average  slopes  and  slope 
aspects  closer  to  the  normal  of  the  radar  look  direction.  The 
classes  that  display  the  highest  intersection  with  the  "topographic 
influence  map"  are  classes  1  (or/ms)  and  5  (bw/po/ms/or). 
The  areas  of  intersection  between  each  TM  derived  class  and 
the  "topographic  mask"  were  eliminated,  leaving  residual  areas 
(pixels)  not  affected  by  topography.  These  areas  are  presently 
being  evaluated  with  respect  to  anomalous  areas  defined  by  soil 
and  till  geochemical  surveys. 

4.0  CONCLUSIONS 

1.  The  contribution  of  this  particular  radar  data  set  to  the 
deflnition  of  geobotanical  anomalies  (vegetation)  appears  to 
be  minimal,  as  much  of  the  variation  in  backscatter  is 
attributed  to  topographic  (slope  and  aspect)  effects.  This 
may  be  partially  related  to  the  time  of  data  collection  (late 
Oct./87  and  Jan./87  for  the  C-SAR  and  STAR-1  data, 
respectively)  as  the  seasons  of  data  collection  for  vegetation 
discrimination  were  not  optimal. 

2.  Radar  in  conjunction  with  the  DTM  data  provided  a  useful 
tool  with  which  to  evaluate  the  topographic  influence  on  the 
TM  classifications  and  to  produce  maps  where  the  effects 
of  topography  would  be  expected  to  be  the  most 
pronounced.  The  classification  with  topographic  effects 
removed  would  be  more  useful  in  a  mineral  exploration 
programme  as  vegetational  anomalies  based  on  spectral 
response  could  be  evaluated  more  easily  with  respect  to 
underlying  geochemisty  and  potential  mineralization 
defined  by  ground  based  till  sampling  and  known  mineral 
occurrences.  Work  on  this  aspect  of  the  analysis  is  on¬ 
going.  Furthermore,  the  radar  can  also  be  used,  in  a 
relative  sense,  to  map  areas  of  relative  slopes  and  aspects, 
thus  helping  to  define  topographic  patterns  that  may  be 
useful  for  evaluating  regional  geobotanical  anomalies. 

REFERENCES 

Harris,  J.  (1984)  Lineament  Mapping  of  Central  Nova  Scotia 


2537 


Using  Landsat-MSS  and  SEASAT-SAR  Imagery,  Proceedings 
of  the  9th  Canadian  Symposium  on  Remote  Sensing,  St.  John’s, 
Newfoundland,  Aug.,  p  359  -  373. 

Hornsby,  J.  K.,  B.  Bruce  and  V.  Malhorta  (1987)  Influence  of 
Terrain  in  Geobotanical  Modelling,  Proceedings  of  the  llth 
Canadian  Symposium  on  Remote  Sensing,  Waterloo,  Ont.,  June, 
p  277-286 

Hornsby,  J.  K.,  B.  Bruce,  J.  Harris  and  A.  Rencz  (1988) 
Implementation  of  Background  and  Target  Geobotanical 
Techniques  in  Mineral  Exploration,  Proceedings  of  the  6th 
Thematic  Conference  for  Remote  Sensing  in  Exploration 
Geology,  Houston,  Texas,  May,  p  511-521 


Figure  1  -  Mazinaw  Lake  Study  Area 
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Figure  2  -  Radar  Look  Directions,  TM  Sun  Azimuth  and 
Associated  Slope  Enhancement  Zones 
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SLOPE  (LOCAL  INCIDENCE  ANGLE)  vs. 
RADAR  MEAN  DIGITAL  NUMBER 
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Table  1  -  Average  Slope,  Aspect,  Radar  Digital  Numbers  (DN)  for  TM  Classes 
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ABSTRACT 


Worldwide  satellite  remote  sensing  has  demonstrated 
operational  exploration  and  engineering  cost  savings 
and  reduced  exploration  risks  for  global  resources 
through  improved  geological  mapping  Integrated  with 
other  geophysical  techniques.  Experimental  and  opera¬ 
tional  remote  sensing  satellite  systems  under  development 
by  the  United  States,  France,  Japan,  India,  Canada, 

ESA,  Russia,  China  and  others,  will  considerably  Increase 
our  ability  to  explore  for,  develop,  and  manage  energy 
and  mineral  resources  throughout  the  world.  Satellite 
remote  sensing  data’s  use  will  significantly  expand 
by  using  Improved  geographic  Information  systems 
(GIS)  to  Integrate  with  other  geophysical,  geochemical, 
and  geologic  data.  Timely,  non-dlscrlmlnatory  access 
to  satellite  data  Is  vital  to  continued  International 
development  of  satellite  remote  sensing  technology. 

Also  Important  for  global  resource  Information  and 
economic  Intelligence  will  be  the  growth  of  a  global 
data  acquisition  and  distribution  network  capable  of 
handling  the  expanding  volumes  of  data  that  will  be 
produced  by  the  large  number  of  remote  sensing 
satellite  systems  In  the  1990's.  Growth  in  the 
International  development  of  satellite  remote  sensing 
for  global  resources  will  depend  on  International 
observance  of  the  "open  skies"  and  non-dlscrlmlnatory 
access  to  data  principle.  It  will  also  be  dependent 
on  international  agreements  for  cooperative  remote 
sensing  R&D  with  full  reciprocity  of  experimental 
data  and  on  data  derived  from  operational  systems. 
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S'^'^TUS  OF  INTERNATIONAL  CIVIL  REMOTE 

SSi'iSu'iG 
Present  Systems 

Operational  civilian  land  and  ocean  remote  sensing 
programs  from  1972  to  1989  have  consisted  mainly 
of  the  U.S.  NOAA  GOES/TIROS,  NASA/NOAA  Landsat, 
and  the  French  SPOT  systems.  These  satellite  systems 
were  supplemented  by  the  U.S.  Seasat  and  U.S.  Navy 
Geosat  ocean  satellites  and  more  recently  by  Japanese 


MOS-1  and  Indian  lRS-1  satellites.  In  the  Soviet  Union, 
remote  sensing  satellite  programs  have  been  developed, 
but  data  from  these  systems  has  not  been  available 
'  up  until  1989. 

Access  and  Distribution  of  Data 

Data  from  these  satellite  systems  have  been 
accessible  through  various  government  research  programs 
and  agencies  and  commercial  suppliers.  Access  to 
these  data  must  first  come  through  acquisition  methods 
which  Include  direct  downlink  to  ground  stations,  Inter- 
satelllte  links  between  observing  and  telecommunication 
satellites  and  ground  stations  (l.e.,  Landsat-TDRSS), 
and  tape  recorder  acquisition  and  ground  station  data 
dumps.  These  means  to  acquire  global  data  coverage 
all  Include  some  degree  of  control  over  who  has  access 
to  the  data  stream  and  how  It  is  distributed.  Early 
distribution  of  NASA  and  NOAA  data  was  by  government 
agencies  under  the  principles  of  "open  skies"  and 
"non-dlscriminatory  access  to  data"  at  the  "cost  of 
reproduction."  With  the  advent  of  privatization  and 
commercialization  of  Landsat  and  SPOT  In  1984  and 
1986,  access  to  these  data  was  transferred  to  government 
supported,  commercial  companies  (EOSAT  and  SPOT 
IMAGE)  for  non-research  data  dissemination  for  "commercial 
uses.”  While  Landsat  and  SPOT  data  prices  rose  considerably, 
both  companies  operate  under  the  principle  of  timely, 
non-dlscrlmlnatory  access  to  data. 

Users  and  Applications 

During  the  past  17  years,  the  use  of  satellite 
remote  sensing  data  has  grown  throughout  many  govern¬ 
ment  and  private  sector  user  communities.  These 
users  and  the  applications  of  these  data  have  recently 
been  summarized  In  depth  In  two  of  the  NOAA  subcontractor 
studies  on  the  future  of  the  Landsat  Program  In  the 
U.S.  (KRS,  1988  and  TASC,  1988),  released  In  1989. 

Remote  sensing  Is  used  operationally  by  Industry  and 
agencies  In  International  exploration  and  development 
of  energy  and  mineral  resources  as  well  as  for  International 
agriculture,  timber,  and  fishing.  Other  emerging  uses 
and  mar'Kcts  for  satellite  remote  sensing  include  shipping, 
engineering,  real  estate,  land  use,  cartography,  and 
environmental  study  and  management.  It  Is  Important 
to  note  government  usage  of  the  data  generally  exceeds 
65%  worldwide. 

Ground  Segment  Technologies 

In  addition  to  the  developing  user  community, 
the  use  of  satellite  remote  sensing  has  spawned  a  wide 
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array  of  ancillary  remote  sensing  technologies  and 
markets.  These  Include  ground  receiving,  data  processing, 
data  mangement.  Interactive  work  stations,  data  Inte¬ 
gration,  geographic  Information  systems,  and  value- 
added  services  and  other  technologies  for  information 
extraction  from  "raw"  data  provided  by  remote  senslno 
satellites. 


Market  Development 

In  the  1970's,  NASA  worked  with  the  user  community 
to  develop  Landsat  applications  and  transfer  the  use 
of  this  technology  to  both  government  and  private 
sector  users.  With  the  advent  of  privatization  In  1979 
and  the  transfer  of  the  Landsat  program  from  NASA 
to  NOAA  In  1982,  cooperative  applied  research,  appli¬ 
cations  demonstrations  and  other  technology  transfer 
efforts  of  the  U.S.  government  diminished  markedly. 

Since  1972,  similar  efforts  have  been  established  by 
various  government  and  user  organizations  around 
the  world  such  as  CSIRO  (Australia),  OCRS  (Canada), 
Institute  Frances  du  Petrol  and  CNES  (France),  RESTEC 
(Japan),  the  Geosat  Committee,  and  many  university 
Institutes.  - 


Much  applied  research  and  development  has 
been  done  "In  house"  by  large  user  companies  such 
as  some  members  of  the  Geosat  Committee.  In  1987, 
the  Geosat  Committee  and  the  NOAA/Unlverslty  of 
Oklahoma  Cooperative  Institute  for  Applied  Remote 
Sensing  (ClARS)  conducted  a  workshop  to  review  15 
years  the  development  of  geologic  remote  sensing 
methods  (Williams  and  Henderson,  i987)  by  some  members 
of  the  Geosat  Committee.  At  present,  there  appears 
to  be  a  general  lack  of  aggressive  market  development 
by  the  data  suppliers  and  mote  significantly  by  the 
value-added  Industry.  Mote  International  Industry- 
government  cooperative  basic  and  applied  research 
and  applications  development  will  be  needed  during 
the  1990's.  This  Is  particularly  true  In  consideration 
that  the  present  satellite  remote  sensing  data  Is  of 
relatively  low  spatial  and  spectral  sensitivity  when 
compared  to  data  to  be  produced  during  the  1990's. 


SATELLITE  REMOTE  SENSING  DEVELOPMENT,  1990-2000 

International  development  of  Improved  operational 
and  research  experimental  systems  during  the  1990's 
will  have  broad  economic  Implications  for  the  future 
(Henderson,  1989).  An  abundance  of  new  satellite 
data  will  be  produced  requiring  new  and  Improved 
means  of  data  distribution.  This  will  Include  new  data 
of  greater  spatial  and  spectral  sensitivity  and 
discrimination.  Specific  details  of  the  remote  sensing 
capabilities  of  these  new  systems  are  listed  In  the 
1987  NASA/NOAA  report  to  the  U.S.  Congress,  entitled 
"Space-Based  Remote  Sensing  of  the  Earth"  (NASA/NOAA, 
1987). 

Operational  Versus  Research  Systems 

The  general  characteristics  of  the  civil  operational 
and  research  satellite  systems  for  the  1990's  are  summarized 
In  Table  I.  Operational  and  experimental  systems 
Include  U.S.  ‘TIROS/NOAA  satellites  and  Landsat  6, 
and  perhaps  7,  France's  SPOTS  2-5,  ESA's  ERS  1-2, 

Radarsat,  Japan's  MOS  and  JERS,  India's  IRS  2-3,  and 
the  Soviet  Meteor  and  Resource  satellites.  Research 
systems  Include  NASA's  Earth  Observation  System 
(E.O.S.),  Japan's  ADEOS  and  ITIR,  and  other  polar 
orbiting  platforms  proposed  by  NOAA,  Canada,  ESA, 
and  Japan.  Operational  satellites  Imply  more  or  less 
continuous  global  coverage  over  the  life  of  the 


satellite.  Experimental  systems  carry  new,  first  time 
experimental  sensors  In  an  operational  mode.  Research 
systems  provide  more  limited  coverage  by  suites  of 
new  experimental  sensors. 

The  Coming  Data  Crunch 

These  new  systems  will  produce  tremendous 
amounts  of  "raw"  satellite  data.  The  satellites  listed 
In  Table  1  will  provide  over  430  different  VNIR,  SWIR, 
and  THIR  spectral  bands  of  data  In  various  band  widths 
and  spatial  resolutions  over  various  swath  widths. 

They  wilt  Include  at  least  10  different  radar  bands 
and  new  ocean  sensor  data  from  radar  altimeters, 
wind  scatterometers,  etc.  The  proposed  NASA  polar 
orbiting  platform  Itself  will  provide  1  terrablt/day 
(NASA/NOAA,  1988).  The  data  crunch  expected  horn 
the  remote  sensing  satellite  of  the  1990's  will  require 
the  development  of  advanced  data/lnformatlon  management 
systems  on  the  ground.  Compounding  the  satellite 
data  problem  will  be  the  Increased  availability  of  airborne 
Imaging  remote  sensing  systems.  International  policies 
will  be  needed  for  access  to  aiid^isttlbutlon  of  data 
from  research,  experimental,  and  operational  satellite 
systems  for  both  research  and  commercial  purposes. 

Economic  Potential  and  Global  Resource  Information 

Present  satellite  data  Is  of  relatively  low  spatial 
and  spectral  sensitivity  with  little  Inherent  economic 
value  as  data.  More  sensitive,  narrow  band  airborne 
systems  such  as  NASA/JPL's  AIS  (128#s)  and  AVIRIS 
(224#s)  have  demonstrated  greater  discrimination 
of  specific  minerals  which  may  have  significance  as 
Indicators  of  deposits  of  economic  Importance.  Similar 
high  spectral  sensitivities  In  vegetation  remote  sensing 
may  have  significance  In  observing  previously  unknown 
leaking  hydrocarbon  deposits.  Incteased  spectral 
sensitivity  will  also  be  of  great  public  and  economic 
value  In  studying  and  monitoring  global  change  and 
environment  management.  In  any  case,  the  Increased 
sensitivity  of  multi-narrow  band  satellite  systems 
such  as  NASA's  HIRIS  (spaceborne  equivalent  of  AVIRIS 
with  192  #s)  Instrument  for  the  E.O.S.  platform  will 
provide  data  of  significant  economic  value  for  global 
resource  exploration  and  environmental  management. 

The  Increased  economic  potential  of  mote  sensitive 
satellite  data  will  enhance  the  development  of  civil 
remote  sensing  systems  for  both  government  and  commercial 
use.  Exploration  for  global  energy  and  mineral  deposits 
Is  greatly  Impacted  by  timeliness  of  data  In  obtaining 
competitive  land  or  offshore  positions  (l.e.,  leases, 
concessions,  etc.).  If  a  government  or  Industry  explora¬ 
tion  entity  has  discriminatory  or  proprietary  access 
to  such  data.  It  could  have  a  significant  economic 
competitive  advantage.  Similar  economic  advantages 
could  accrue  to  entitles  with  discriminatory  access 
to  Improved  data  for  International  agriculture,  timber, 
or  fishing  economic  Intelligence  (l.e.,  commodity 
markets).  Discriminatory  access  to  more  sensitive 
data  by  a  satellite  country  could  provide  It  with  sig¬ 
nificant  International  economic  advantage  with,  or 
In,  less  developed  countries.  Of  key  concern  here. 

Is  whether  the  expanding  satellite  capabilities  In  some 
countries  could  lead  to  mote  nationalistic  use  of  new 
sensor  systems  to  the  detriment  of  International  satellite 
remote  sensing.  It  Is  no  surprise  that  the  satellite 
producing  countries  all  have  need  of  International 
access  to  global  resources  and  markets  and  see  their 
satellites  as  providing  an  assured  supply  of  global  economic 
resource  Intelligence.  Most  satellite  producing  countries 
such  as  France  and  Japan,  have  designed  their  satellite 
systems  to  meet  both  Industry  and  government  needs 
for  International  economic  Intelligence. 
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International  Observance  of  Open  Skies  and  Non- 
Dlscrlmlnatory  Access  to  Data 

Until  recently,  some  countries  have  not  observed 
the  principle  of  timely,  non-dlscrlmlnatofy  access 
to  data.  For  example.  International  access  to  Landsat 
data  received  In  India  was  virtually  unavailable.  Moreover, 
the  Soviet  Union  did  not  provide  any  access  to  their 
satellite  data.  Conditions  are  changing.  With  the 
1988  launch  of  Its  IRS  satellite,  India  has  provided 
International  access  to  their  data.  In  1989,  Soyuz-karta 
and  Glavcosmos  have  made  moves  to  open  some  limited 
commercial  access  to  Soviet  photographic  and  electro- 
optical  satellite  data. 

In  1987,  Japan's  government  research  and  space 
organizations,  STA  and  NASDA,  launched  the  experimental 
MOS  marine  observation  program.  In  1979,  the  Ministry 
of  International  Trade  and  Industry  (MITI)  determined 
that  an  advanced  geological  satellite  might  provide 
data  useful  for  Japan's  critical  Industrial  needs  for 
global  energy  and  mineral  resources  and  set  about 
to  develop  the  JERS-1  satellite.  The  possibility  that 
such  an  Industry  oriented  satellite  might  not  provide 
data  on  a  timely  non-dlscriminatory  basis  led  to  several 
years  of  study  and  debate  In  Japan  between  various 
agencies  and  Interests  leading  to  the  Joint  NASDA/MITl 
development  of  the  JERS-1  satellite.  The  JERS-1 
satellite  will  be  a  major  advancement  for  geological 
exploration  as  It  provides  most  of  the  1976  recommendations 
of  the  Geosat  Committee  for  geologic  sensors  (see 
Table  I),  combining  high  spatial  resplutlon,  stereo, 
spectral  and  radar  sensors.  JERS-1  will  provide  greater 
SWIR  spectral  sensitivity  with  three  bands  in  the  2, 1-2.4 
micron  region  compared  with  one  band  for  Landsat 
6.  This  will  greatly  increase  Its  clay  and  soil  mapping 
capabilities  among  others. 

Public  questions  by  the  Geosat  Committee  and 
others  led  to  a  statement  of  NASDA's  Intent  to  provide 
timely,  non-discriminatory  access  to  the  JERS-1  data 
(1988  letter  communication  to  the  Geosat  Committee). 

While  NASDA  will  provide  such  access  to  JERS  data 
to  the  U.S.  government,  ESA,  and  probably  some  other 
governments  as  research  data  (l.e.,  under  the  NASDA/NASA 
MOU  of  1988),  it  Is  not  yet  clear  what  the  Japanese 
policy  for  global  distribution  of  JERS-1  data  will  be 
for  "commercial  uses."  Agreements  to  exchange  satellite 
data  on  a  non-dlscrlmlnatory  basis  between  governments 
as  research  data  and  potential  com'merclal  access 
thereto  is  a  problem  not  only  for  the  Japanese  JERS, 
but  also  for  ESA's  ERS  and  Canada's  Radarsat.  Inter¬ 
national  arrangements  to  exchange  new  research  data 
and  access  to  such  data  for  "commercial  uses"  remain 
as  major  national  and  international  problems  to  be 
worked  out  during  the  I990's. 

What  must  be  decided  Is  whether  governments 
will  continue  to  observe  the  principles  of  open  skies 
and  timely,  non-discriminatory  access  to  all  data, 
or  whether  governments  will  allow  open  or  covert 
discrimination  In  data  access  for  national  advantages. 

The  principle  of  non-dlscrlmlnatory  access  encourages 
the  development  of  international  complimentary,  compatible, 
and  perhaps  joint  systems,  rommercia!  or  otherwise. 

This  will  keep  remote  sensing  satellite  costs  down 
by  minimizing  unnecessary  duplication  and  encouraging 
International  competition  "on  the  ground,"  rather  than 
in  space.  Restrictive  policies  might  spur  some  proprietary 
commercial  development,  but  it  would  encourage  satellite 
development  only  for  those  companies  and  governments 
who  can  afford  to  build  expensive  competitive  systems 
in  space,  effectively  leaving  out  the  rest  of  the  world 
remote  sensing  communltv. 


SOME  INTERNATIONAL  POLICY  ISSUES  FOR  THE 
1990's 

Preparing  for  Remote  Sensing  In  the  1990s 

During  the  1990s,  several  major  trends  will  develop 
In  International  civil  remote  sensing: 

1.  Operational,  experimental,  and  research  systems 
will  provide  vast  amounts  of  new  data  of  Increased 
sensitivity  and  enhanced  economic  value  for 
global  resource  Intelligence-, 

2.  Remote  sensing  data  will  be  used  mote  as  data 
integrated  with  other  multiple  data  bases  In 

a  growing  Information  Industry;  and 

3.  Commercialization  will  continue  to  expand  as 
the  economic  sensitivities  of  remote  sensing 
systems  Increase.  Commercialization  will  first 
dominate  the  ground  segment,  while  continued 
government  support  for  long-term  research  and 
for  space  segment  satellites  will  be  needed 
throughout  much  of  the  1990's  until  a  viable 
commercial  remote  sensing  market  Is  developed. 

Countries  developing  civil  satellite  remote  sensing 
systems  during  the  1990s  will  do  so  for  three  primary 
reasons  (Keystone,  1989): 

1.  To  provide  timely  global  resource  economic 
Intelligence; 

2.  To  compete  Internationally  In  remote  sensing 
and  related  Information  systems  technologies; 
and 

3.  To  study  global  change  and  monitor  the  balance 
between  man's  continued  need  for  global  resource 
development  and  man's  need  to  better  manage 
his  Impact  on  the  environment. 

Policy  Issues  for  the  International  Remote  Sensing 
Community 

In  the  United  States,  the  U.S.  government  is 
undergoing  a  major  review  of  Its  politically  troubled 
Landsat  program.  This  review  Is  being  conducted 
by  the  newly  formed  National  Space  Council  which 
will  consider  all  aspects  of  continuing  a  civil  land 
and  ocean  remote  sensing  program  In  the  United  States 
Including  the  roles  of  continued  government  support, 
commercialization,  and  international  cooperation. 

Japan  continues  to  evaluate  Its  various  government 
and  Industry  programs.  France  Is  reviewing  the  commercial 
viability  of  the  SPOT  program.  ESA  Is  already  caught 
up  trying  to  determine  the  roles  of  government  requirements, 
research  needs,  and  the  role  of  commercial  sales  for 
its  ERS  satellite,  yet  to  be  launched,  while  similar 
deliberations  over  Radarsat  ate  being  conducted  In 
Canada.  Similar  considerations  are  being  given  to 
other  satellite  programs  In  the  Soviet  Union  and  India 
and  In  other  countries  planning  satellite  programs. 

In  all  these  satellite  remote  sensing  deliberations, 
some  basic  policy  Issues  will  have  to  be  decided  during 
the  1990's.  They  include: 

1.  The  relation  of  long-term,  high  risk  government 
research  and  development  with  short-term,  lower 
risk  commercialization; 
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2.  The  relation  between  Inter-governmental  coopera¬ 
tive  remote  sensing  research  and  the  access 

to  operational  systems  developed  therefrom; 

3.  National  and  International  access  to  government 
and  Inter-government  remote  sensing  research 
data  for  non-research,  "commercial  uses,";  and 
most  importantly 

4.  International  observance  of  open  skies  and  non- 
dlscrlmlnatory  access  to  data. 
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ABSTRACT 

Within  Ihe  context  of  a  general  model  of  arms 
control  treaties,  we  discuss  the  significance  of 
remote  sensing  by  airborne  and  satellite  methods. 
This  general  model  has  the  features  of  a  closed 
loop  control  system,  with  remote  sensing 
contributing  through  data  collection  to  the  process 
of  verification..  In  common  with  the  behavior  of  all 
closed  loop  control  systems,  any  increase  in  the 
capability  of  verification  must  be  matched  by 
improved  mechanisms  of  promoting  compliance 
when  events  of  clear  violation  are  detected,  so  that 
a  stable  result  is  achieved. 

We  classify  arms  control  treaties  as  bi-lateral 
(exclusively  between  superpowers)  or  multi¬ 
lateral,  with  the  latter  group  being  subdivided  into 
global  or  regional  treaties.  The  forms  of  effective 
compliance  mechanisms  differ  between  the  two 
classifications,  with  multi-lateral  treaties 
generally  requiring  int'ernational  agencies 
performing  both  the  verification  and  compliance 
promotion  functions. 

Earlier  proposals  for  an  International  Satellite 
Monitoring  Agency  (ISMA)  have  not  found  the 
necessary  support,  in  that  direct  linkage  with  a 
particular  arms  control  regime  was  not  included. 
However,  with  the  advent  of  RADARSAT,  the 
prospects  of  an  effectively  verifiable  arms  control 
or  de-militarization  treaty  for  the  Arctic  as  a 
region  will  be  much  greater.  We  conclude  with 
some  comments  on  the  technical  and  institutional 
developments  which  such  a  treaty  would  require. 

Keywords;  Verification,  Compliance,  Arctic. 


MODEL  OF  ARMS  CONTROL  TREATIES 

Arms  control  treaties  are  frequently  written  in 
such  arcane  legal  jargon  as  to  be  bordering  on 
incomprehensibility  to  all  but  international 
lawyers  and  career  diplomats.  However,  to 
engineers  and  scientists,  a  control  treaty  need  be 
no  more  complicated  than  a  straightforward  closed 
loop  control  system  with  feedback,  as  shown  in 
Fig.  1. 


A  difference  detector  describes  the  function  of 
"VERIFICATION",  and  the  feedback  part  of  the  loop 
will  promote  "COMPLIANCE"  with  the  set  point. 
"NON-COMPLIANCE"  describes  the  state  when  a 
clear  difference  exists  between  the  observed  input 
and  the  set  point,  and,  to  be  effective,  the  feedback 
mechanism  must  lead  to  elimination  of  the 
difference. 
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VERIFICATION 

Data  collection  is  the  primary  activity  of  the 
verification  process,  and  this  is  the  part 
where  remote  sensing  makes  its  largest 
contribution.  Set  points  can  obviously 
correspond  to  numbers  of  missiles,  warheads, 
or  aircraft,  etc,  or  magnitude  of  equivalent 
tonnage  of  TNT  for  the  Threshold  Test  Ban 
Treaty.  In  a  listing  of  about  15  treaties 
.negotiated  since  1925,  nearly  ail  have 
provisions  for  national  technical  means  of 
verification,  which  include  aerial  observation 
in  the  1961  Antarctic  Treaty,  and  seismic 
sensing  in  the  1974  Threshold  Test  Ban  Treaty. 
The  use  of  satellite  surveillance  in  detecting 
the  Krasnoyarsk  radar  antenna  is  well 
documented,  but  the  subsequent  negotiations 
to  counter  the  perceived  non-compliance  with 
the  ABM  Treaty  are  illustrative  of  options 
available  in  such  bi-lateral  treaties.  The 
Krasnoyarsk  incident  also  emphasized  the  need 
for  on-site  monitoring  and  inspection  to 
supplement  remote  sensing,  and  these 
techniques  are  built  into  most  of  the  multi¬ 
lateral  treaties.  In  general,  the  techniques 
available  for  verification,  that  is,  data 
collection  and  evaluation,  would  appear  to 
exceed  the  power  of  the  compliance 
mechanisms  available  under  most  existing 
treaties. 

COMPLIANCE  PROMOTION 

Just  as  a  chain  is  no  stronger  than  its  weakest 
link,  so  a  control  loop  with  feedback  must  be 
designed  for  its  total  response.  If  verification 
is  improved,  so  must  compliance  promotion  as 
the  response  to  a  clear  violation.  Two  of  the 
present  authors  (Scott  and  Dorn,  1989)  have 
recently  examined  compliance  procedures  for 
both  bi-lateral  and  multi-lateral  treaties.  As 
an  example,  we  consider  the  negotiations 
between  the  superpowers  over  what  should 
happen  vis  k  vis  the  Krasnoyarsk  antenna,  seen 
by  the  US  as  a  clear  violation  of  the  bi-lateral 
ABM  Treaty.  The  treaty  had  established  a 
Standing  Consultative  Commission,  at  which 
the  matter  was  discussed.  Various  diplomatic 
moves  have  been  made,  including  a  threat  to 
withdraw  from  the  ABM  Treaty,  to  persuade 
the  USSR  to  correct  the  non-compliance 


situation.  However,  these  moves  are  strictly 
between  the  parties  involved,  and  do  not 
directly  involve  other  members  of  the 
international  community.  We  call  this  process 
"self-help  for  the  powerful",  and  it  can  be 
sufficiently  flexible  to  allow  a  stable  outcome 
to  be  reached. 

For  multi-lateral  treaties,  the  principle  of 
self-help  is  not  effective,  and  the  current 
negotiations  for  the  Chemical  Weapons 
Convention  (CWC)  include  setting  up  a  UN 
agency  called  the  Organization  for  the 
Prohibition  of  Chemical  Weapons  (OPCW).  The 
experience  of  the  International  Atomic  Energy 
Agency  in  administering  the  1968  Non- 
Proliferation  Treaty  (NPF)  is  a  good  guide  as 
to  how  the  OPCW  should  operate.  All  the 
functions  of  verification  and  compliance 
promotion  will  be  the  responsibility  of  the 
OPCW,  with  specific  agreements  as  to  how  on¬ 
site  inspections  would  be  carried  out.  The 
OPCW  will  report  to  the  UN  Secretary  General, 
with  full  publication  of  its  activities.  The 
evaluation  and  response  procedures  still  need 
clearer  definition,  and  we  must  make  the  point 
that  the  use  of  a  majority  vote  for  decisions 
on  whether  violations  have  occurred  and  what 
should  be  done  about  them  will  make  a  much 
stronger  compliance  promotion  process,  than 
one  based  on  consensus.  By  becoming  a  state 
party  to  the  treaty,  each  ratifying  state  goes 
on  record  as  agreeing  to  the  majority  vote 
rule,  with  no  single  state  having  a  veto. 

It  was  early  in  1988  that  the  superpowers 
changed  from  insisting  on  the  self-help  style 
of  compliance  promotion,  to  supporting  a 
Consultative  Committee.  This  change  in 
attitude  in  the  regime  of  the  CWC  probably 
reflects  the  rapidly  spreading  ability  to 
manufacture  chemical  weapons  by  states  with 
hitherto  iimited  capabilities  of  any  chemical 
production,  in  the  war  zones  of  Africa  and  the 
Middle  East.  Even  the  big  boys  were  running 
scared,  and  have  realized  the  vital  importance 
of  a  broadly-based  and  strong  CWC.  It  must  bo 
remembered  that  the  1925  Geneva  Convention 
on  Chemical  and  Bacteriological  Weapons  has 
no  provision  for  verification  or  compliance 
promotion,  and  does  not  ban  production  or 
stockpiling,  but  only  the  use  of  such  weapons. 
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The  well-publicized  saleliite  pictures  of  the 
putative  Libyan  chemical  weapons  factory  only 
serve  to  emphasize  the  limitations  of  the 
1925  Geneva  Convention,  it  is  not  iilegai  to 
build  such  a  factory,  nor  to  have  it  in  full 
production.  Any  uniiaterai  action  by  another 
state  to  eiiminate  the  factory  wouid  be  in 
direct  contravention  of  international  law.  The 
alleged  death  toll  due  to  the  use  of  chemical 
weapons  by  Iraq  in  the  war  against  Iran  did  not 
.produce  vigorous  diplomatic  response. 
However  much  one  may  depiore  this  situation, 
it  is  in  accordance  with  the  existing  treaty. 
The  oniy  legal  actions  that  couid  be  taken  were 
against  vioiators  of  export  controis,  and  we 
note  that  the  rigorous  enforcement  of  such 
controls  will  always  play  a  strong  part  in 
compliance  promotion. 

Fuil  scope  verification  within  the  CWC  will 
have  to  use  a  wide  array  of  techniques  for  data 
coilection,  as  remote  sensing  by  sateilite 
cannot  get  ciose  enough.  Other  technical 
means  for  sensing  the  pre-cursor  and  waste 
products  as-  weli  as  the  agents  themseives 
couid,  in  some  cases,  be  caiied  remote  sensing, 
but  it  appears  that  to  be  most  effective,  the 
participation  of  citizen  reporters  must  be 
included. 

INTERNATIONAL  SATELLITE  MONITORING 
AGENCY  (ISMA) 

The  development,  and  hopefully  early 
conclusion,  of  the  CWC  at  the  Conference  on 
Disarmament  in  Geneva  will  give  new 
credibility  to  full  scope  verification  systems 
in  arms  control  treaties.  '  The  original  ISMA 
proposal  by  France  in  1978  was  for  a  very 
broadly  based  monitoring  agency,  but  was  felt 
by  the  superpowers  to  infringe  on  their 
territory  of  satellite  use  for  spying.  Although 
many  nations  supported  the  proposal,  there 
was  always  sufficient  opposition  from  the 
superpowers  to  prevent  it  coming  into  being. 

In  another  context,  it  was  only  one  of  up  to  12 
initiatives  to  create  some  sort  of 
International  Verification  Agency.  These 
initiatives  came  about  because  the  so-called 
middle  powers  were  dissatisfied  with  much  of 


the  information  being  disseminated  about  the 
arms  build-up  by  the  superpowers.  These 
events  are  chronicled  in  the  monograph  by  one 
of  the  present  authors  (Dorn,  1987).  Judged 
against  the  progress  in  the  CWC  negotiations 
in  getting  agreement  on  a  full-scope 
verification  system  or  agency,  these  proposals 
did  not  have  sufficiently  clear  boundaries  to 
their  regimes,  nor  the  urgent  threat  of 
proliferation.  Though  touted  generally  as 
confidence-building  measures,  the  detractors 
were  always  able  to  undermine  confidence  that 
their  perceived  security  would  be  improved  by 
the  creation  of  any  such  agency. 

AN  ARCTIC  INTERNATIONAL  MONITORING 
AGENCY 


We  propose  that  an  Arctic  International 
Monitoring  Agency  is  appropriate  now,  and 
would  combine  and  carry  forward  a  number  of 
actions  already  evident  in  the  international 
arms  control  scene. 


Firstly,  the  superpowers  have  independently 
moved  to  support  the  creation  of  a  second  full- 
scope  verification  agency  reporting  to  the  UN, 
with  the  OPCW  following  on  from  the  IAEA. 
On-site  inspections  and  more  openness  will  be 
the  order  of  the  day  under  the  CWC.  The  USSR 
has  expressed  a  willingness  to  discuss 
proposals  on  arctic  arms  controls  (Gorbachev, 
1987),  and  these  should  be  followed  up 
vigorously  by  the  other  northern  nations. 

Secondly,  the  operation  of  RADARSAT  will 
provide  vastly  extended  technical  capabilities 
in  surveillance  over  the  Arctic  as  a  region. 


Thirdly,  real  economic  pressures  are 
constraining  the  maintenance  of  the 
armaments  of  all  nations,  especially  the 
superpowers. 

Fourthly,  recent  commercial  and  military 
accidents  have  heightened  public  awareness  of 
the  fragility  of  the  arctic  environment,  and  the 
need  for  more  knowledge  of  what  is  going  on. 


This  proposal  is  outlined  in  greater  detail  by 
one  of  the  authors  (Dorn,  1989).  The 
recommended  order  of  development  would  be 


different  again  from  the  IAEA  and  OPCW, 
reflecting  the  fact  that  this  agency  would  have 
regional  monitoring  responsibilities  broader  in 
scope  than  the  fissionable  and  chemical 
materials  of  the  other  two.  The  strength  of 
the  agency  must  be  carefully  considered,  in 
light  of  the  arguments  on  the  decision-making 
processes  discussed  earlier.  We  have  to 
recognize  that  institutional  developments  have 
to  match  technological  capabilities.  In  this 
case,  we  believe  that,  following  the  initial 
commitment  by  the  circumpolar  nations  to  the 
principle  of  an  Arctic  International  Monitoring 
Agency,  its  growth  can  both  be  relatively 
modest  and  cost-effective,  when  balanced 
with  reduced  arms  expenditures. 
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NOAA  recently  commissioned  three  parallel  studies  of  the  economic  and  technical  options  for  an 
‘Advanced  Civil  Earth  Remote  Sensing  System*.  This  paper  describes  the  results  of  one  of  these  studies; 
the  results  are  consistent  with  the  findings  of  all  of  the  studies.  Current  and  planned  remote  sensing 
systems  were  considered,  together  with  the  known  and  anticipated  market  for  remotely  sensed  Information 
and  the  projected  Improvement  In  technical  capabilities  and  system  costs.  The  ‘market*  was  considered 
to  include  all  users  of  the  information,  including  U.S.  government  purchases  (in  particular,  the  Department 
of  Defense).  The  ‘system*  was  understood  to  include  all  parts  of  the  launch,  space,  and  ground  segments, 
as  well  as  the  marketing/business  arrangements. 

In  essence,  the  studies  conclude  that  the  purely  commercial  prospects  for  a  business  which  would 
service  all  the  costs  of  a  remote  sensing  satellite  program  are  untenable.  This  conclusion  is  essentially 
independent  of  any  satellite  sensor  characteristics  or  any  credible  changes  In  market  or  technology  and 
associated  costs  within  the  period  In  question.  In  business  terms,  the  ‘net  present  value*  of  an  investment 
iq  the  system  is  a  large  negative  number. 

Therefore,  If  a  U.S.  civil  space  remote  sensing  program  is  to  continue,  government  funding  in  some 
form  will  be  necessary.  A  range  of  indirect  funding  techniques  are  possible  to  make  the  funding  politically 
acceptable,  but  the  economics  are  quite  simple.  Among  the  more  Interesting  alternatives  to  r'^uce  the 
direct  cost,  while  maintaining  a  useful  program  are:  . 

0  The  U.S.  program  might  usefully  pursue  sensors  which  complement,  rather  than  directly  mimic  the 
characteristics  of  alternative  international  sources  of  remote  sensing  data; 

0  The  U.S.  program  might  dilute  costs  by  arranging  a  shared  program  with  foreign  participation. 

0  The  characteristics  of  the  system  should  bo  chosen  to  address  as  wide  a  range  of  information  users 

as  possible  while  limiting  the  cost.  This  tends  to  favor  instruments  capable  of  serving  a  wide  range 
of  information  needs  rather  than  a  ‘single-purpose*  or  a  very  high  priced  instrument. 

o'  An  Investment  in  ground  processing  systems,  including  data  processing,  algorithm  development, 
archiving,  and  information  distribution  systems  (as  opposed  to  the  space  segment)  appears  to  provide 
the  greatest  return  on  investment. 

The  study  specifically  identified  microwave  remote  sensing  as  capable  of  addressing  a  very  wide  range  of 
anticipated  market  needs.  U.S.  participation  in  a  program  such  as  RADARSAT  would  be  directly  consistent 
with  our  recommendations. 
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Choosing  an  optimal  suite  of  sensors  as  a  payload  for  a 
commercial  remote  sensing  satellite  requires  an  analytic  method 
to  help  sort  through  the  various  sensor  combinations.  The 
method  should  be  able  to  integrate  sensor  performance 
parameters  with  data  and  information  requirements  derived  from 
market  surveys  and  projections.  This  integrating  methodology 
will  yield,  payload  selections  that  are  both  technology-driven  and 
market-driven.  This  paper  describes  such  a  methodology  and 
presents  some  results  based  upon  sample  market  data. 

Information  on  an  exhaustive  set  of  over  150  existing  and  planned 
spacoborne,  environmental  remote  sensing  instruments  and  sensors 
was  collected.  Instruments  were  grouped  into  twelve  separate 
categories  based  on  their  spectral  and  spatial  resolutions  (such 
as  Infrared  Sounders,  Moderate  Resolution  Visible  and  Infrared 
Radiometers,  etc.)  As  a  parallel  effort,  a  list  of  remote 
sensing  products  that  are  responsive  to  the  information 
requirements  identified  in  civil  and  military  market  projections 
was  generated.  For  each  product,  the  extreme  values  for  spatial 
resolution,  revisit  time,  and  product  turn-around  were  delineated 
based  upon  their  expected  utility  to  the  civil  and  military 
applications.  A  figure  of  merit  for  the  feasibility  of  utilizing 
each  sensor  type  for  the  generation  of  each  product  was 
calculated  based  upon  the  following  metrics:  stand-alone 

capability,  coverage  parameters,  all  weather-capability, 
processing  requirements,  and  accuracy.  The  results  were 

arranged  into  an  matrix  whose  dimensions  were  (p  x  s) ,  where  p  » 
the  number  of  products,  and  s  =  the  number  of  sensor  types. 
Summing  the  columns  gave  an  indication  of  which  sensor  types  were 
most  responsive  to  the  entire  set  of  products  from  a  purely 
technical  perspective.  Sensor  types  with  the  highest  scores  were 
those  that  are  very  versatile  (l.e.,  they  could  be  used  to 
generate  many  of  the  desired  products.)  Such  instrument  types 
Include  Synthetic  Aperture  Radars  (SAR) ,  Visible  and  Infrared 


Radiometers  of  varying  resolutions  (Moderate,  High,  and 
Ultrahlgh) ,  and  Low  Frequency  Microwave  Radiometers  (LFMR.) 

A  second  analysis  was  performed  which  Introduced  the  effect  of 
prioritizing  the  list  of  products  based  upon  their  relevance  to 
either  the  civil  or  military  markets.  This  process  produced  a 
column  vector  (1  x  p)  which  contained  the  market-derived  product 
weights.  Products  having  a  spatial  resolution  of  30  m  or  better 
were  ranked  high  due  to  a  large  number  of  hlgh-resolutlon 
Information  requirements  In  both  the  civil  and  military  sectors. 
When  these  market  weights  were  combined  with  the  technical 
feasibility  results  (l.e.,  the  technical  feasibility  matrix 
multiplied  by  the  product  weighting  vector) ,  a  combined  market- 
driven  and  technology-driven  sensor  ranking  was  generated.  Our 
results  showed  that  the  sensor  rankings  exhibited  little 
elasticity.  We  attribute  the  similarity  In  sensor  rankings  to 
the  fact  that  the  most  versatile  sensor  types  wlso  have  high 
enough  spatial  resolution- to  meet  anticipated  market  demands. 

The  results  of  this  Investigation  served  two  purposes.  First, 
they  Identified  candidate  sensor  types  for  an  optimal  commercial 
remote  sensing  payload;  second,  they  discouraged  the  Inclusion 
of  some  sensor  types  which  rank  high  for  a  specific  product  but 
rank  low  In  meeting  overall  civil  or  military  market,  needs 
(l.e..  Altimeter,  scatterometer. )  . 
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ABSTRACT 

The  major  theme  of  ISY  is  Earth 
observation  from  space  for  human  benefits. 
Through,  the  use  of  remote  sensing  technology, 
we  seek  a  better  understanding  of  the  factors 
contributing  to  global  environmental  changes, 
as  well  as  those  contributing  at  national  and 
regional  levels  to  degradation  of  the 
environment.  As  arguably  the  most  relevant 
IEEE  Society  concerned  with  observations  of 
environmental  conditions  of  the  Earth,  it  is 
appropriate  .that  our  professional  interests 
and  capabilities  be  brought  to  bear  on  this 
significant  undertaking.  Members  of  the 
Geoscience  and  Remote  Sensing  Society  (GRS-S) 
are  able  to  become  involved  in  ISY  through  a 
wide  range  of  events  and  activities. 

1.  INTRODUCTION 

Members  of  GRS-S  were  issued  a  challenge 
at  IGARSS  '88.  It  came  in  the  form  of  a 
keynote  address  delivered  by  Sir  Hermann 
Bondi.  He  reminded  us  that  the  real  value  of 
remote  sensing  technology  is  to  be  found  in 
its  contributions  to  the  prosperity  and  well 
being  of  mankind.  The  dramatic  advances  of 
technology  during  this  •  century  have  been 
accomplished  through  the  diligence  of  the 
scientific  and  technical  communities  in 
overcoming  technical  problems  associated  with 
experimental  systems.  Now  the  same  energy, 
good  will,  and  drive  must  be  expended  toward 
overcoming  legal,  institutional,  and  political 
obstacles  if  remote  sensing  technology  is  to 
realize  its  full  potential  (Bondi,  1988) . 

Technology  and  diplomacy  must  go  hand  in 
hand  if  the  output  of  remote  sensing  systems 
is  to  be  integrated  into  national  and 
international  decision  making  processes 
concerning  the  development  and  conservation  of 
the  planet's  natural  resources.  Likewise, 
political  and  technical  bodies  must _ cooperate 
to  assess  and  monitor  global  environmental 
changes  if  contributing  forces  are  to  be 
understood  and  controlled.  For  their  part, 
scientists  and  engineers  need  to  demonstrate 
that  information  derived  from  remotely  sensed 
data  makes  a  valuable  contribution  in  these 
areas,  and  that  its  value  outweighs  its  costs. 
International  Space  Year  (ISY)  provides  GRS-S 
members  with  the  opportunity  to  respond  to 
these  critical  global  demands. 


2.  BACKGROUND  ON  ISY 

Plans  for  ISY  began  in  1985  when  the 
U.S.  Congress  passed  a  resolution  recommending 
its  establishment,  and  suggesting  ISY  take 
place  during  1992,  commemorating  500  years 
since  Columbus'  discovery  of  the  New  World. 
The  plan  was  endorsed  by  President  Reagan  and 
NASA  in  1986.  Preliminary  proposals  were 
prepared  in  February  1987  by  the  Space  Science 
Board  of  the  U.S.  National  Academy  of  Sciences 
and  the  Intercosmos  Council  of  the  Soviet 
Academy  of  Sciences.  These  early  plans 

included  space  exploration  missions  as  well  as 
Earth  observation  missions.  Even  in  these 
early  plans,  the  U.S.  proposals  focused  on 
science,  applications  and  education,  including 
increased  public  awareness  (McLucas  and 
Meyerson,  1988) .  Over  time.  Earth  observation 
utilizing  satellite  remote  sensing  has  emerged 
as  the  major  theme  of  ISY.  The  ultimate 
purpose  of  the  endeavor  is  to  inspire  and 
channel  international  response  to  the  growing 
environmental  challenges  we  face. 

Countries  participating  in  ISY  include 
the  U.S.,  Canada,  numerous  European  states, 
Japan,  the  USSR,  the  People's  Republic  of 
China,  Brazil,  and  Pakistan.  The  list  is 
expected  to  grow. 

Professional  scientific  and  engineering 
societies  have  endorsed  the  concept.  The 
Committee  on  Space  Research  (COSPAR) ,  the 
International  Council  of  Scientific  Unions 
(ICSU) ,  the  International  Astronautical 
Federation  (lAF) ,  and  our  own  Institute  of 
Electrical  and  Electronics  Engineers  (IEEE) 
exemplify  the  wide  range  of  support.  ICSU 
views  the  objectives  of  ISY  as  complementary 
to  those  of  its  global  change  program,  the 
International  Geosphere-Biosphere  Program. 
The  ISY  timeframe  has  been  extended  to  1992  - 
1994. 

Given  the  increased  number  and 
sophistication  of  Earth  observation  missions 
scheduled  over  the  next  decade,  it  is  expected 
that  a  flood  of  data  will  be  available  for 
analysis  and  interpretation,  coming  from  such 
systems  as  ERS-l  (ESA) ,  JERS-1  and  ADEOS 
(Japan),  TOPEX/Poseidon  (U. S. -France) ,  UARS 
(U.S.),  IRS-1  (India),  the  U.S.S.R.  RESOURCE 
system,  Brazil's  MECB  system,  advanced  weather 
satellite  systems,  SPOT,  and  possibly  Landsat. 
Beginning  in  the  mid  1990s,  a  series  of  polar 
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platforms  will  provide  additional  sources  of 
information:  e.g.,  RADARSAT,  scheduled  to  be 
launched  in  1994,  and  the  Earth  Observing 
System,  an  international  cooperative  effort 
supported  by  NASA,  NOAA,  and  the  NSF,  in 
partnership  with  ESA,  and  hopefully  Australia, 
Canada,  and  Japan.  The  first  of  four  platforms 
is  scheduled  for  launch  1995. 

At  the  1988  ISY  Mission  to  Planet  Earth 
Conference,  six  working  groups  prepared 
recommendations  regarding  ways  in  which  these 
systems  could  be  best  utilized  to  address 
growing  concerns  regarding  the  causes  and 
impacts  of  global  change  (Meyerson  1988) .  One 
series  of  recommendations  related  to  the  need 
for  coordlni^tlon  among  national  space  agencies. 
Information  zust  be  collected  concerning  the 
capabilities  of  current  and  future  systems, 
gaps  in  coverage  need  to  be  addressed,  data 
must  be  standardized,  and  worldwide 
accessibility  to  the  output  must  be  achieved 
so  that  the  global  user  community  can  integrate 
the  information  with  other  sources.  As  a 
mechanism  to  implement  these  objectives,  the 
Space  Agency  Senior  Officials  working  group 
established  the  Space  Agency  Forum  on 
International  Space  Year  (SAFISY)  as  their 
coordinating  body. 

Two  working  groups  focused  their  attention 
on  the  Global  Information  System  Test  (GIST) , 
a  system  for  coordination  of  collection, 
calibration,  and  distribution  of  Earth 
observation  data.  GIST  would  provide 
demonstration  projects  of  an  "end  to  end"  use 
of  data,  a  necessary  first  step  in  establishing 
global  standards  for  global  change  studies. 
Suggested  pilots  projects  included  one  focusing 
on  the  greenhouse  effect  and  one  on  tropical 
deforestation.  Likewise,  the  Environmental 
Monitoring  Objectives  Working  Group  recommended 
pilot  projects  in  these  same  areas,  along  with 
a  global  data  set  production  project. 

Concomitant  with  these  global  Interests, 
ISY  is  to  incorporate  initiatives  of  particular 
relevance  to  developing  countries.  Given  the 
pressing  social  and  economic  conditions  facing 
many  of  these  countries  today,  it  is  necessary 
that  ISY  projects  provide  information  that  is 
directly  relevant  to  development  planning 
within  the  context  of  sustainable  environments. 
The  Social  and  Economic  Development  Objectives 
working  group  stressed  the  importance  of 
transforming, data  into  useful  information  so 
that  end  users-  project  officers  and  managers 
will  be  persuaded  to  use  it.  Educational 
programs  for  political  decision  makers  will  be 
required  if  they  are  to  be  made  aware  of  the 
potential  for  applying  remote  sensing 

technology  to  development  programs,  and 

spocialized  technical  training  for  indigenous 
personnel  will  be  necessary  if  they  are  to  use 
the  technology  once  the  idea  is  accepted. 

3.  AREAS  OF  POTENTIAL  INVOLVEMENT  FOR  GRS-S 

Members  of  GRS-S  are  able  to  become 
involved  in  ISY  in  numerous  ways.  Individuals 
may  be  employed  by  government  agencies  or 
private  sector  organizations  that  have 

significant  roles  to  play  in  relation  to  one 
or  more  of  the  Earth  observing  missions 
scheduled  over  the  next  decade.  Three 

additional  areas  of  potential  interest  to  GRS 
members  are  discussed  below:  i)  participation 
in  GRS-S  sponsored  educational  activities;  li) 


involvement  in  the  IEEE  ISY  International 
Telecommunications  Network;  and  iii) 
participation  in  one  or  more  projects  which 
demonstrate  the  value  of  applying  remote 
sensing  teohnologi'  to  global,  national,  and 
regional  problems. 

3.1  Educational  Activities 

The  IEEE,  represented  by  then  President- 
Elect,  Russell  Drew,  participated  in  the 
Pacific  ISY  Conference  in  1987.  Seven 
technical  panels  outlined  possible  activities 
that  could  take  place  under  ISY  auspices 
(McCord,  1987) .  Two  of  these  panel  reports 
are  of  particularly  interest  to  the  remote 
sensing  community.  The  Earth  observation  panel 
began  to  formulate  plans  that  were  expanded 
upon  in  1988  at  the  Mission  to  Planet  Earth 
Conference  described  above.  The  Professional 
Associations  Working  Group  for  ISY  outlined 
eight  basic  categories  of  activities  suggested 
for  adoption  by  professional  associations, 
stressing  their  role .  as  disseminators  of 
information.  These  categories  are; 
topical/ specialty  conferences  and  sessions; 
publ ications/newsletters ;  leotures/displays ; 
a  global  communications  network;  advertising, 
design  competitions;  educational  programming; 
and  briefings  to  governments.  The  point  was 
made  that  this  list  was  not  intended  to  be- all- 
inclusive,  suggesting  that  other  opportunities 
for  involvement  might  arise  over  time. 

GRS-S  has  already  responded  to  many  of 
these  suggestions.  IGARSS  '89  sessions  are 
covering  topics  such  as  global  change  and  other 
ISY  related  subjects.  ISY  topics  will  have 
increasing  prominence  at  future  iGARSS.  The 
theme  of  IGARSS  *92  will  be  "Mission  to  Planet 
Earth:  International  Space  Year."  GRS 
publications  already  reflect  an  ISY  focus. 
For  example,  the  March  1989  IEEE  Transactions 
on  Geoscience  and  Remote  Sensing  was  a  special 
Issue  on  the  Earth  Observing  System  (EOS)  and 
a  special  issue  dedicated  to  ISY  is  being 
considered  during  1992.  Likewise,  the  IEEE 
Geoscience  and  Remote  Sensing  Newsletter  has 
run  several  feature  articles  on  EOS,  and  one 
article  geared  to  arouse  membership  interest 
and  involvement  in  ISY  activities.  In  relation 
to  the  idea  of  a  lecture  series,  the  GRS-S 
Admlnsitrative  Committee  is  considering  the 
inclusion  of  a  series  on  ISY  for  IEEE  section 
meetings.  Also,  the  GRS-S  Administrative 
Committee  has  approached  the  SSP/AESS,  offering 
to  assist  in  planning  and  implementing  the  ISY 
International  Telecommunications  Network.  This 
effort  is  described  in  more  detail  below. 

3.2  The  ISY  International  Telecommunications 
Network 

A  Global  ISY  Communications  Network  was 
proposed  at  the  1987  ISY  Pacific  Conference. 
By  October  1987  it  had  been  determined  that 
IEEE  would  be  involved  in  this  activity,  and 
the  lead  society  would  be  the  Space  Systems 
Panel  of  the  Aerospace  Electronics  and  Systems 
Society  (SSP/AESS) .  Participation  and  input 
from  other  IEEE  societies  is  expected.  The 
ISY  Telecommunications  Network  is  responding 
to  a  House  of  Representatives  document  that 
calls  for  a  system  "utilizing  a  network  of 
existing  national  and  international 
communications  satellites  for  a  series  of 
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coordinated  seminars  on  major  worldwide 
scientific/ applications  concerns  or  challenges. 
Each  program  might  be  sponsored  by  a  country, 
group  of  countries,  or  international 
organizations  (e.g.,  VIMO) ,  but  would  be 
simultaneously  available  to  the  whole  net." 

The  original  Intent  of  the  ISY 
International  Telecommunications  Network  was 
to  provide  videoconferencing  as  well  as 
transmission  to  and  from  space  sources,  and 
digital,  voice,  or  facsimile  transmission. 
The  current  plan  Is  to  use  the  ISY 
International  Telecommunications  Network  as  a 
"test  bed"  to  explore  successful  Information 
transfer,  to  provide  a  system  for  exchange  of 
Information  among  scientists,  and  a  mechanism 
to  transfer  data  directly  from  satellites  to 
the  scientific  community,  through  the  use  of 
the  Integrated  Services  Data  Network  (ISDN). 
NASA's  Advanced  Communications  Technology 
Satellite,  ACTS,  scheduled  for  launch  In  1992, 
could  be  Integrated  Into  the  network  as  well. 
Since  GRS-S  represents  2,000  engineers  and 
scientists  concerned  with  Earth  observation 
from  space.  It  Is  hoped  that  we  will  play  a 
role  In  system  planning  and  design. 

3.3  ISY  Demonstration  Projects 

According  to  the  1988  ISY  Mission  to 
Planet  Earth  Conference  report,  ISY  efforts  to 
strengthen  coordination  and  standardization 
are  to  emphasize  global  Issues,  but  also 
regional  Initiatives  of  particular  relevance 
to  developing  nations.  The  best  method  for 
achieving  these  objectives  are  sharply- focused 
pilot  projects  that  set  standards  for  worldwide 
application.  Earth  observation  Initiatives  are 
to  extend  beyond  research  to  Include  Immediate 
and  direct  applications  for  social  and  economic 
development  (Meyerson,  1988) .  One  such  pilot 
project  proposed  at  the  Mission  to  Planet  Earth 
Conference  was  a  deforestation  project,  to  be 
chosen  from  several  experiments  currently 
planned.  The  satellites  mentioned  in  relation 
to  the  study  are  SPOT,  LANDSAT,  GOES,  and 
METEOSAT,  as  well  as  those  that  will  be  flying 
in  1992. 

Two  members  of  GRS-S  have  proposed  a 
tropical  deforestation  project  which  differs 
from  the  above  in  three  major  areas.  First, 
the  project  would  utilize  C-Band  satellite 
radar  systems;  second,  the  project  would  be 
long-term,  spanning  a  ten-year  period;  and 
third,  it  would  go  beyond  the  demonstration 
stage  to  provide  an  operational  global 
monitoring  system.  The  project,  "Observation 
of  Tropical  Forests  by  C-Band  Radars;  Proposed 
Ten-Year  Project  Embracing  the  International 
Space  Year  is  discussed  In  more  detail  below 
(Specter  and  Raney,  1989). 

Tropical  deforestation  is  one  of  the  most 
critical  problems  confronting  humankind.  The 
uiajcrj>\.j^  wj.  \.tic9c  ,.oros^s  are  found  In 
developing  and  newly  industrialized  countries. 
Tropical  forests  comprise  only  7-8%  of  the 
Earth's  land  surface,  but  almost  half  of  the 
global  wood  stock,  and  at  least  two  fifths  of 
the  Earth's  species.  Tropical  forests  play  a 
major  role  in  the  precarious  carbon  dioxide 
balance  of  the  Earth's  atmosphere.  Destruction 
of  this  global  resource  is  taking  place  at  an 
alarming  rate.  A  review  of  forecasts 
concerning  the  rate  of  deforestation  are 
indicative  of  the  lack  of  knowledge  concerning 


the  problem.  Some  predict  that  these  forests 
w<ll  disappear,  except  for  small  areas 
preserved  as  parks,  by  the  year  2050;  others 
maintain  they  will  be  gone  by  2020. 

The  effects  of  tropical  deforestation  may 
Include  detrimental  impacts  on  vital  global 
processes,  as  well  as  on  economic  and  social 
development  programs  focused  at  the  national 
level.  In  addition,  tropical  deforestation 
can  be  linked  to  increased  human  suffering,  in 
teinns  of  loss  of  livelihood,  shelter,  and 
lives. 

Observation  of  tropical  deforestation 
based  on  optical  systems  is  limited  by  optical 
visibility.  Tropical  forests  are  frequently 
occluded  by  cloud,  fog,  and  mist.  Radar 
frequencies  reliably  penetrate  these  media  so 
that  tropical  forests  are  observable  from  radar 
satellite  perspective.  While  there  Is  a 
forestry  radar  data  base  (including  C-Band), 
it  largely  does  not  Include  tropical  data. 
More  Importantly,  there  exists  no  coordinated 
plan  to  utilize  existing  and  prospective  radar 
remote  sensing  resources  to  respond  to  this 
problem.  And  finally,  regarding  the 
institutional  infrastructure  necessary  to 
implement  the  program,  there  is  a  lack  of 
linkages  between  the  leading  radar  sponsoring 
nations  and  the  developing  countries  whose 
futures  may  depend  on  addressing  the 
deforestation  Issue. 

Critical  milestones  scheduled  to  occur  in 
the  next  few  years  make  it  appropriate  for  a 
major  program  to  be  considered.  The  most 
important  experimental  radar  mission  is  SIR-C 
(1992) .  Future  operational  C-Band  radar 
satellite  systems  include  ERS-1  (launch  in 
1990)  and  RADARSAT  (launch  in  1994) .  Ground 
stations  to  receive  and  process  satellite  BAR 
data  are  being  established  within  the 
developing  regions  under  consideration.  A 
project  should  be  started  now  to  prepare 
techniques  and  institutions  to  use  data  from 
these  systems  to  address  the  tropical 
deforestation  problem. 

3.31  Methodology 

The  initial  phase  of  basic  science  and 
program  planning,  expected  to  take  two  to  three 
years,  would  lead  up  to  a  demonstration  period 
(two  to  three  years) ,  followed  by  a  phase 
geared  to  operationalize  an  ongoing  global 
monitoring  system  (  3  or  more  years) .  Steps 
necessary  to  implement  the  first  phase  would 
require  obtaining  in  situ  and  airborne  radar 
scattering  data,  securing  commitment  for 
experimental  data  from  SIR-C  for  sites  (or 
region)  of  the  project,  and  obtaining  agreement 
for  a  minimal  set  of  ongoing  data  from  planned 
radar  satellite  systems.  It  would  be  necessary 
for  the  project  team  to  design  a  basis  for 
ongoing  data  supply  from  the  satellite  radar 
systems,  probably  through  the  purchase  of  the 
data,  contingent  on  its  acceptance  and  proven 
utility  of  a  sample  data  set.  Also,  a  local 
data  collection  and  data  reduction  campaign 
must  be  designed  and  implemented.  This  would 
entail  the  establishment  of  a  local  capability 
to  support  and  then  continue  measurement, 
leading  to  local  expertise.  The  radar  data 
would  be  integrated  into  a  transferable  data 
base,  since  it  is  hoped  that  in  the  operational 
phase  the  information  could  be  used  locally, 
as  well  as  internationally. 
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On  the  institutional  side,  potential 
participants  must  be  identified  and  contacted, 
including  both  technical  and  financial 
sponsors,  as  well  as  host  countries. 
Institutional  linkages  must  be  created, 
including  those  with  key  international 
committees  and  agencies  concerned  with  tropical 
deforestation  and  global  change.  An  education 
program  should  be  established  in  the  host 
nations  if  the  technology  is  to  be  integrated 
into  national  planning  and  decision  making 
processes.  Finally,  a  methodology  for 
measuring  the  effectiveness  of  the  program, 
including  its  technology  transfer  aspects, 
would  be  valuable  for  ongoing  assessment  and 
generalizability. 

3.32  Results 

Results  of  this  program  would  be  tied  to 
the  accomplishment  of  both  scientific  and 
institutional  objectives.  Scientific  results 
should  include  the  creation  of  a  quantitative 
methodology  for  tropical  forest  observation  by 
C-Band  radars,  including  specific  forest  radar 
signatures,  extension  to  the  tropics  of 
existing  (temperate)  forest  radar  data  bases, 
and  global  qualification  of  radar  sensible 
parameters  in  forestry  models.  Institutional 
outcomes  should  include  the  establishment  of 
expertise  in  radar  tropical  forest  observation 
resident  in  the  tropical  participating  nations, 
and  the  establishment  of  linkages  between  the 
participating  nations  and  the  radar  satellite 
sponsoring  nations  for  ongoing  tropical  forest 
assessment.  Successful  implementation  would 
require  cooperative  working  relationships  among 
technical  and  scientific  communities,  host 
country  government  ( s) ,  regional  organizations, 
and  international  bodies.  In  this  way,  the 
results  of  quantitative  observation  of  the  key 
environmental  parameters  can  be  fed  into  local, 
national,  and  international  monitoring  and 
planning  processes. 

4.  MEETING  THE  CHALLENGE 

For  long  range  interdisciplinary  and 
perhaps  abstract  problems,  such  as  those  which 
lie  at  the  heart  of  ISY  initiatives,  it  is 
tempting  for  us  to  think  that  someone  else  will 
take  on  the  responsibility  of  dealing  with 
these  issues.  However,  for  ISY  to  be 
successful,  the  search  for  solutions  must 
involve  expertise  and  leadership  from  the 
scientific  and  technical  communities,  as  well 
as  from  those  in  the  political  sphere. 

GRS-S  represents  a  key  group  of 
Individuals  whose  skills  and  talents  can  be 
applied  to  these  endeavors.  ISY  is  an  open 
agenda  item  at  GRS  Administrative  Committee 
(Ad  Com)  meetings.  A  small  committee  has  been 
formed  to  study  additional  areas  of 
involvement.  The  GRS-S  ISY  committee  looks 
forward  to  receiving  suggestions  from  the 
membership  at  this  early  phase  of  idea 
generation  and  discussion.  Beyond  areas  of 
GRS-S  sponsorship,  the  Society  will  provide  an 
information  network  and  resource  base  for 
projects  that  extend  beyond  the  scope  of  any 
one  professional  group.  Our  energy,  good  will, 
and  drive  can  contribute  to  the  potential  of 
this  important  undertaking. 
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ABSTRACT 

From  September  1984  to  July  1987, 
the  Saskatchewan  Research  Council  in 
collaboration  with  the  Canada  Centre  for. 
Remote  Sensing,  introduced  remote 
sensing  technology  for  resource 
management  to  potential  users  within  the 
province  of  Saskatchewan.  The  program 
was  established  through  a  Memorandum  of 
Understanding  (MOD)  between  the 
Government  of  Saskatchewan  and  the 
Canada  Centre  for  Remote  Sensing  (CCRS), 
Energy,  Mines  and  Resources. 

Under  the  Saskatchewan  Technology 
Enhancement  Program  (STEP)  ten 
demonstration  projects  were  undertaken 
in  consultation  with  CCRS  and 
Saskatchewan  provincial  departments  and 
agencies.  Each  was  designed  to 
demonstrate  the  capabilities  of  remote 
sensing  techniques  to  address  a  specific 
problem  of  interest  to  that 
organization.  The  objective  was  to 
determine  whether  remotely  sensed  data 
could  be  used  operationally  to  provide 
more  comprehensive,  timely  and/or  less 
costly  information  than  did  traditional 
methods. 

The  average  mapping  accuracy  for 
the  ten  projects  was  88%  with 
benefit/cost  ranging  from  5  to  400.  An 
average  of  160  learning  hours  were 
required  by  each  agency  to  adequately 
operate  the  equipment.  Projects  took 
approximately  40  hours  to  complete  with 
an  equivalent  amount  of  time  for  ground 
verification  of  the  results.  The 
average  cost  was  $5,500  per  project. 

Over  the  three  year  period,  some  8,000 
hours  of  computer  time  were  consumed. 

The  remote  sensing  technology 
transfer  provided  benefits  to  the 
agencies  taking  part  in  advancing  their 
data  collection  and  analysis  procedures 
and  making  many  aware  of  the  additional 
data  bases  available  to  them  to  be 
exploited. 
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INTRODUCTION 

For  over  17  years,  the  American 
Landsat  series  of  satellites  have 
orbited  the  earth,  providing  data  on  the 
world's  natural  resources  .  The  NOAA 
series  of  weather  satellites  complements 
Landsat  by  providing  a  synoptic  view  of 
a  larger  part  of  the  earth's  surface.  In 
1986  the  French  SPOT  satellite  was 
launched.  The  European  Space  Agency  and 
Japan  have  launched  additional 
satellites  and  Canada  will  soon  have  its 
own  satellite,  RADARSAT,  adding  the  new 
capability  of  microwave  observation. 

The  remote  sensing  application 
Technology  Enhancement  Program  (TEP)  was 
first  formulated  by  the  Canada  Centre 
for  Remote  Sensing  (CCRS)  in  1979  and 
became  a  full  program  in  1980.  The 
program  was  to  enhance  the  economic  and 
social  benefits  of  natural  resources 
through  the  use  of  remotely  sensed  data. 
Through  the  TEP  the  provinces  and 
territories  have  access  to  the  most 
advanced  and  cost-effective  resource 
management  methods.  Industry  also 
benefits  from  having  a  larger  and  more 
varied  source  of  revenue  through 
services  and  products.  Universities 
benefit  by  being  able  to  expand  their 
remote  sensing  expertise  to  further 
their  functions  in  education  and 
research  (Heyland  1986). 

The  TEP  functions  through  Memoranda 
of  Understanding  (MOU)  which  are  signed 
between  CCRS  and  an  agency  of  the  host 
province  or  territory  with  each  partner 
committing  certain  elements  to  the 
program  on  a  best  effort  basis.  A 
number  of  projects  are  jointly  conducted 
using  proven  methods  to  solve  resource 
management  problems  over  a  two  to  three 
year  period. 

In  January  1985  a  Memorandum  of 
Understanding  between  CCRS  and  the 
Saskatchewan  Research  Council  (SRC)  was 
signed  to  formally  start  the 


Saskatchewan  Technology  Enhancement 
Program  (STEP).  The  program  began  with 
seven  demonstration  projects  with 
additional  projects  added  on  later. 

THE  NEED 

Saskatchewan's  diverse  resources 
(natural, cultivated  and  non-renewable) 
are  the  core  of  the  Saskatchewan 
economy.  Of  the  $5.4  billion  worth  of 
products  and  services  exported  from  the 
province  in  1984,  nearly  80%  were 
directly  related  to  three  main  resource 
industries:  $2.3  billion  in  minerals, 
$1.75  billion  in  agricultural  goods,  and 
$231  million  in  forest  products.  The 
long-term  stability  of  Saskatchewan's 
economy  and  the  continued  well-being  of 
Saskatchewan's  citizen's  are  highly 
dependent  upon  the  effective  management 
of  these  resources  to  ensure  abundant 
and  continuing  supply,  efficient  use, 
and  profitable  and  competitive 
production  for  world  markets. 

OBJECTIVES 

The  objectives  of  the  Saskatchewan 
Technology  Enhancement  Program  were  to: 

1.  train  Saskatchewan  resource  managers 
and  government  personnel  in  the  uses 
of  remotely  sj.sed  data. 

2.  provide  a  facility,  equipment  and  a 
remote  sensing  specialist  to  support 
the  program. 

3.  provide  a  forum  for  exchange  of 
information. 

THE  PROGRAM 

As  its  contribution  to  the  STEP, 
CCRS  stationed  a  remote  sensing 
specialist  at  the  SRC  for  the  duration 
of  the  program.  In  addition  CCRS  loaned 
a  digital  image  analysis  system  to  SRC 
on  which  data  analysis  for  the  projects 
were  performed. 

The  STEP  program  had  ten 
demonstration  projects  which  included 
migratory  waterfowl,  deer,  moose  and 
caribou  habitat;  bulk  area  estimation  of 
crops;  field  boundary  assessment;  forest 
fuel  mapping;  burn  and  cut-over 
inventory;  salinity  in  irrigated  areas; 
and  depression  storage  as  a  measure  of 
flood  potential. 

The  projects  and  principal 
investigators  'rfere  geographically 
distributed  over  the  province.  Digital 
and  visual  analysis  techniques  were  used 
in  executing  the  projects. 

Adopting  a  new  technology  is  not 
without  cost.  Some  are  monetary,  but 
many  are  related  to  human  behaviour  and 


attitude.  Because  the  electronic 
equipment  for  manipulating  satellite 
data  was  available  at  low  cost  to 
Saskatchewan  during  STEP,  it  was  a 
factor  not  considered.  Rather, 
challenges  faced  by  the  principal 
investigators  was  considered. 

All  the  principal  investigators 
received  basic  training  in  remote 
sensing  and  digital  image  analysis.  To 
some  it  was  a  new  technology  and  rather 
intimidating.  In  some  cases  there  was  a 
long  learning  curve,  particularly  in  the 
use  of  the  image  analysis  system.  Some 
investigators  became  very  proficient  in 
the  use  of  the  computer,  while  others 
experienced  considerable  difficulty. 
Still  others,  due  to  personal  schedules 
or  schedules  imposed  upon  them,'  had  long 
lapses  between  computer  sessions  and 
therefore  were  forced  to  relearn  some 
procedures  several' times  over. 

Obtaining  cloud  free  imagery  within 
a  suitable  "biological  window"  was  a 
challenge.  Once  obtained  it  was 
difficult  in  some  of  the  studies  to 
discriminate,  decisively,  between 
different  types  of  ground  cover.  For 
example,  trees  versus  shrub  communities, 
spring  crops  versus  similar  dark  areas 
on  the  landscape  and  jack  pine  versus 
open  bogs. 

In  some  instances  demands  were  put 
on  the  data  which  could  not  be  met.  For 
example,  land  cover  is  often  of  such 
diversity  that  absolute  discrimination 
of  type  cannot  be  obtained  from 
satellite  data  or  perhaps  even  with 
aerial  photography.  A  mixed  forest  is 
exactly  that  and  complete  separation  if 
deciduous  and  conifers  may  not  be 
possible  even  though  it  may  be 
desirable.  As  a  result,  expectations 
and  criteria  sometimes  had  to  be 
lowered.  Problems  of  this  nature, 
however,  were  resolved  by  the  principal 
investigators  by  accepting  a  lower 
number  of  classes  and  accuracy  in  a 
classification.  Calculations  of  the 
area  of  cover  type,  once  acceptable 
criteria  were  established,  were  always 
made  with  a  speed  and  accuracy  that  far 
surpassed  any  other  method  of  area 
determination. 

The  study  of  saline  areas  was 
particularly  challenging.  Where 
accuracies  of  classification  for  the 
crop  and  summer  fallow  study  were  75% 
and  better,  accuracies  of  classification 
of  saline  soils  foil  between  20%  to  30%. 
Non  saline  soils  were  misclassif ied,  not 
through  mishandling  of  the  data,  but 
because  the  differences  in  spectral 
reflectance  of  the  soil  types  were  too 
subtle  to  separate.  This  indicates  that 
a  different  type  of  data  (such  as  that 
from  radar)  may  be  required,  that  the 
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digital  data  must  be  visually 
interpreted,  or  that  a  more  appropriate 
biological  window  needs  to  be 
identified. 


The  study  of  artificially  drained 
land  had  a  low  success  evaluation 
because  the  criteria  for  some  aspects 
put  demands  on  the  data  which  could  not 
be  met.  Small  ditches  and  other  man¬ 
made  structures  below  the  resolution  of 
the  satellite  sensor  were  to  be  mapped. 
These  features,  however,  were  to  small 
to  be  resolved  by  the  data.  Satellite 
imagery  should  not  be  abandoned  as  a 
suitable  data  source,  because  they,  in 
combination  with  microwave  data  may  well 
become  useful  for  other  hydrological 
purposes  in  the  future. 


BENEFITS  FROM  STEP 


There  are  enormous  benefits  to  be 
gained  through  the  use  of  space-borne 
data  for  monitoring  Saskatchewan's 
natural  resources  (Table  1)  and  the 
joint  projects  undertaken  within  the 
STEP  have  illustrated  many.  Most 
agencies  that  took  part  have  been  able 
to  advance  their  data  collection  and 
analysis  procedures. 


TABLE  1 

ASSESSMENTS  OF  BENEFITS  PROM  DEMONSTRATION  PROJECTS 
(from  Whiting,  Epp,  Heyland,  1988) 


Project 

Accuracy 

Benefit 

Time (hours) 

Program 

Assessment 

Cost 

Cost 

(%) 

Ratio 

Training 

System  Field 

■  $ 

Field  Boundaries 
Forest  Cover 

82 

n.d. 

176 

18 

“ 

8,900 

Burns 

93 

5:1 

255 

12 

70 

10,550 

Clearcuts 

82 

5:1 

Roads 

73 

Caribou  Habitat 

n.d. 

n.d.b. 

•  0 

20 

20 

- 

Crop  Area 

108 

n.d. 

- 

- 

- 

- 

Deer  Habitat 

93 

4:1 

48 

63 

60 

1,858 

Forest  Fire  Fuel 

87 

400:1 

100 

72 

20 

4,170 

Moose  Habitat 

87 

35:1 

200 

40 

20 

2,200 

Salinity  in 
Irrigated  Fields 

90 

n.d. 

200 

40 

n.d. 

Drained  Land 

— 

n.d . 

162 

— 

— 

NOTE:  n.d.  :  not 

done 

n.d.b.  :  not 

done  before  by  any 

other  method 

:  not 

available 
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CONCLUSIONS 

Space-borne  data  of  the  earth's 
resources  can  be  applied  to  many 
problems  facing  resource  managers. 

They  do  not,  however,  hold  all  the 
answers.  Techniques,  such  as  air  photo 
interpretation,  are  still  the  best  in 
many  areas  (e.g.  detailed  urban 
planning).  However,  when  a  resource 
manager  must  address  a  problem  which 
involves  an  extensive  area,  or  perhaps 
one  in  a  remote  and  inaccessible  region, 
he  must  turn  to  other  lower  cost  data 
sources.  Such  situations  dictate 
satellite  data. 

The  window  of  opportunity  opened  by 
the  STEP  indicated  to  SRC  that  there  was 
an  obligation  to  continue  providing 
assistance  to  users  as  they  moved  into 
operational  use  of  remotely  sensed  data. 
Choosing  not  to  continue,  or  being 
restricted  from  improving  the  service, 
would  have  denied  the  first  Saskatchewan 
users  access  to  a  technology  available 
to  their  counterparts  elsewhere  in 
Canada.  The  potent- 'al  benefits  afforded 
by  remote  sensing  .  o  >  :  have  beeti  lost 
to  them  and  to  the  economy  and  the 
people  of  the  pro'vince  as  a  whole. 
Saskatchewan  has  thez<.  ^ore  implemented  a 
follow-on  program  to  provide  a  remote 
sensing  service  to  resource  managers. 
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ABSTRACT 

Remote  Sensing  is  the  only  effective  means  current¬ 
ly  available  for  obtaining  the  information  needed 
by  Third  World  planners.  However,  in  applying  re¬ 
mote  aensing,  certain  constraints  specific  to  the 
third  world  environment  must  be  considered.  These 
include  a  lack  of  trained  manpower  and  established 
infrastructure. 

The  results  of  a  survey  are  discussed  and  certain 
conclusions  are  reached.  Remote  sensing  is  com¬ 
pared  with  conventional  techniques  and  found  to 
have  considerable  advantages  for  the  Third  World 
situation,  especially  in  relation  to  the  ratio  of 
coat  versus  amount  of  information  collected. 


Keywords:  Natural  resources,  inventories,  scale. 


1.  INTRODUCTION 

The  Increase  in  population  in  the  region  Imposes 
severe  demands  upon  the  use  of  the  natural  re¬ 
sources.  Thus  the  need  for  natural  resources  in¬ 
ventories  in  Third  World  countries  is  both  urgent 
and  essential.  Remote  Sensing  technology  is  per¬ 
haps  the  only  method  currently  available  to  satisfy 
the  urgent  needs  of  the  decision  makers.  However, 
to  succeed  in  the  Third  World  environment  modifica¬ 
tion  must  be  made. 

First  World  remote  sensing  technology  cannot  be 
directly  transferred  to  the  Third  World  situation. 
Things  which  the  First  World  takes  for  granted, 
such  as  trained  manpower,  scientific  equipment  and 
even  mundane  items  such  as  up-to-date  maps,  very 
often  do  not  exist  in  the  Third  World. 

If  quantitative  remote  sensing  techniques  are  to  be 
used  successfully  in  the  Third  World,  adaptations 
must  be  made  to  suit  local  conditions  of  land-use, 
agriculture,  population  etc.  and  also  cultural,  or¬ 
ganizational  and  social  factors. 

In  view  of  the  above,  a  survey  was  conducted  to 
determine  which  remote  sensing  technology  could 
best  be  used  in  southern  Africa  and  what  main  pro¬ 


blem  areas  should  be  addressed.  The  results  of 
this  survey  are  described  end  the  conclusions  dis¬ 
cussed. 

2.  METHOD 

Collection  of  information 

Information  was  collected  from  individuals  and 
groups  (committees)  mainly  associated  with  local 
and  government  authorities  in  agriculture,  water, 
forestry  and  urban  development  from  the  following 
countries  and  areas  in  the  southern  African  sub¬ 
continent:  Malawi,  South  West  Africa/Namibia, 
Lesotho,  Swaziland,  Botswana,  Transkel,  Ciskei, 
Bophuthetswana,  Kwa  Zulu  and  Vends. 

The  marketing  information  and  needs  were  initially 
obtained  by  means  of  a  questionnaire.  From  the 
200  questionnaires  distributed  by  post,  195  re¬ 
plies  and  requests  for  further  information  were 
received.  The  replies  were  analysed  and  follow-up 
visits  and  discussions  were  end  are  still  being 
arranged. 

3.  RESULTS 

3.1  In  almost  every  case,  keen  interest  was  ex¬ 
pressed  in  remote  sensing  as  a  means  of  solving 
urgent  (indeed  crisis)  situations  concerning  the 
management  of  natural  resources  especially  with 
respect  to  providing  the  primary  needs  of  food, 
shelter,  water  and  fuel  for  an  increasing  popula¬ 
tion.  The  utilization  of  the  resources  of  the 
region  for  the  creation  of  work  opportunities  and 
for  recreation  are  iiniortant  secondary  require¬ 
ments. 

3.2  The  fragility  of  the  natural  balance  due  to 
the  predominantly  semi-arid  conditions  was  empha¬ 
sised.  The  preservation  and  management  of  wild 
life  and  ecosystems  and  the  impact  of  development 
upon  the  environment  were  topics  which  were  high¬ 
lighted  as  problems  of  extreme  importance  due  to 
the  inadequacy  of  existing  methods. 

3.3  The  problems  are  very  diverse  and  require  a 
mult-disciplinary  approach. 

3.4  Present  efforts  to  find  solutions  to  the 
problems  ore  not  satisfactory. 
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3.5  Many  areaa  within  the  region  lack  up-to-date 
maps.  The  simultaneous  collection  or  airborne 
spectral  information  and  conventional  aerial  photo¬ 
graphy  affords  some  states  an  excellent  opportunity 
of  acquiring  a  digital  geographic  information  sys¬ 
tem  upon  which  all  future  planning  can  be  based. 
An  example  of  this  is  available. 

3.6  Host  of  the  problems  are  characterised  by 
specific  local  parameters.  Thus  local  examples  are 
needed  to  demonstrate  the  potential  of  remote  sens¬ 
ing  technology.  These  examples  must  be  generated 
by  fundamental  research  supported  by  field  spec¬ 
troscopy  using  locally  collected  data. 

3.7  Available  trained  manpower  is  usually  very 
limited  and  often  non-existent. 

3.8  Funds  available  for  natural  resource  manage¬ 
ment  ere  limited. 


4.  DISCUSSION:  THE  TECHNICAL  ADVANTAGES  OF 
USING  MODERN  QUANTITATIVE  REMOTE  SENSING 
TECHNIQUES  TO  MEET  THE  NEEDS  OF  THE  THIRD 
WORLD. 

4.1  The  need  for  a  National  Natural  Resources 
Inventory 

There  can  be  no  doubt  that  many  countries  in 
southern  Africa  need  a  national  natural  resources 
Inventory  to  facilitate  the  planning,  sianagement 
and  monitoring  of  the  national  wealth  of  the  coun¬ 
try  and  to  monitor  the  impact  of  development  upon 
the  environment. 

Data  captured  by  an  airborne  scanner  offer  a  prac¬ 
tical  method  of  acquiring  the  geographic  informa¬ 
tion  data  base  for  this  purpose. 

Many  developing  countries  in  southern  Africa  are  at 
present,  in  an  accelerated  development  phase. 
Existing  economies  are  very  dependent  upon  agri¬ 
culture  and  forestry.  Hence  the  immediate  needs 
are  for  an  inventory  of  the  soils,  soil  potential, 
water,  soil  moisture,  land  use  and  land  potential. 
In  the  near  future,  decision  makers  will  require  a 
natural  resources  inventory  for  the  olanning  of 
diversification  strategies. 


4.2  Ideal  Data  Format 

Quantitative  remote  sensing  technology  produces 
data  in  a  digital  format.  A  digital  data  base  can 
immediately  be  used  in  computer  modelling,  offering 
extremely  powerful  advantages  over  the  old- 
fashioned  analogue  methods.  Developing  countries 
have  a  unique  opportunity  of  starting  with  a  digi¬ 
tal  geographic  information  data  base  by  employing 
remote  sensing  rather  than  conventional  methods. 

4.3  Effective  utilization  of  trained  manpower 

The  adoption  of  remote  sensing  substantially  re¬ 
duces  the  need  for  manpower-intensive  field  surveys 
and  subsequent  data  analysis  and  integration.  It 
is  therefore  very  effective  in  conserving  scarce 
trained-manpower  resources. 


4.4  Remote  Sensing  versus  Conventional  Methods 

Date  for  natural  resources  management  have,  to 
date,  been  collected  by  aerial  photography  or  by 
taking  field  samples  using  surveying  methods. 
These  methods  are  suitable  for  projects  over  small 
regions  and  the  data  collected  by  field  samples 
are 

•  exact 

•  point  measurements 

•  project  related 

•  collected  over  a  long  period  of  time 

•  costly  for  large  regions 

•  costly  for  large  numbers  of  variables 

•  labour  intensive. 

Since  the  data  are  collected  by  means  of  point 
saiiY>les,  often  the  sampling  density  of  such 
measurements  must  be  compromised  in  order  to 
reduce  costs  and  time  of  data  acquisition. 

In  countries  where  extensive  conventional  informa¬ 
tion  has  already  been  archived,  most  of  these  data 
were  collected  for  specific  projects  and  hence  are 
regional,  limited  in  the  number  of  parameters 
covered  and  of  a  fixed  scale.  Attempts  to  inte¬ 
grate  these  data  into  a  regional  information 
system  fail  due  to  the  fragmented  nature  of  the 
data.  The  result  of  this  failure  is  usually  that 
the  survey  must  be  repeated  to  satisfy  the  new 
working  criteria. 

Furthermore  it  is  even  difficult  to  use  the  data 
collected  for  one  project  in  applications  related 
to  other  projects  in  the  same  region. 

By  contrast,  remotely  sensed  data  have  multi¬ 
disciplinary  value  and  may  be  applied  to  diverse 
projects  over  small  or  large  (even  national)  areas 
and  at  differing  scales. 


4.5  Comprehensive  and  extensive  content  of  the 
data 

Data  captured  remotely  by  satellite  or  airborne 
sensors  are 

•  spectral 

•  digital 

•  collected  for  each  and  every  element  on  the 
ground  being  surveyed 

•  designed  to  be  integrated  with  existing  con¬ 
ventional  data  into  geographic  information 
systems 

•  suitable  for  conversion  to  varying  scales 

•  suitable  for  multi-disciplinary  applications 

•  suitable  for  speedy  interpretation  with  the 
assistance  of  computers  (personal  computers 
to  main  frame) 

•  suitable  for  quantitative  monitoring  of 
change 

•  suitable  for  environmental  Impact  studies. 


Thus  these  data  are  ideal  for  the  establishment  of 
a  national  geographic  information  system  from 
which  national  natural  resources  inventories  can 
be  derived. 
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4.6  Multl-dlaclplinary  nature  of  Remote  Sensed 
data 

The  value  of  an  inventory  ia  dependent  upon  the 
number  of  parameters  Included.  If  remote  sensing 
technology  ia  used  the  cost  is  relatively  indepen¬ 
dent  of  the  number  of  parameters  measured.  By 
contrast!  in  the  case  of  conventional  methods,  an 
escalation  in  costs  is  incurred  with  each  addi¬ 
tional  parameter. 

5.  SOME  IMPORTANT  CHARACTERISTICS  REQUIRED 
FOR  A  NATURAL  RESOURCES  INVENTORY 

5.1  Survey  parameters 

The  greater  the  number  of  parameters  inventorized, 
the  more  useful  is  the  inventory.  As  noted  above, 
remote  sensing  techniques  provide  a  comprehensive 
list  of  parameters. 

5.2  Variability  of  the  Scale 

Furthermore,  the  Inventories  noted  above  can  be  de¬ 
rived  from  the  same  data  base  at  any  of  the  appro¬ 
priate  mapping  scales,  e.g. 


National  development  planning  .  1:1  000  000 

Regional  planning  .  1:250  000 

Project  identification  . . . 1:50  000 

Lend  use  (Agriculture  and  forestry)  .  1:10  000 

Irrigation  planning  .  1:5  000 

Irrigation  scheme  design  .  1:2  500 


provided  that  the  data  in  the  data  base  have  the 
required  spatial  resolution. 

5.3  Segmentation  of  data  base  into  managerial 
districts 

The  data  base  can  be  segmented  into  administrative 
units,  such  as,  district,  cadastral  units,  geogra¬ 
phic  units  defined  by  latitude  and  longitude  or 
natural  units,  such  as,  river  catchments  to  suit 
'the  requirements  of  the  decision  makers. 

5.4  The  timing  of  the  data  collection 

If  expensive  mistakes  are  to  be  avoided,  the  infor¬ 
mation  required  for  effective  planning  in  develop¬ 
ing  countries  is  needed  immediately.  The  speedy 
generation  of  a  natural  resources  inventory  can 
only  be  achieved  with  the  assistance  of  quantita¬ 
tive  remote  sensing  technology.  Only  remote  sens¬ 
ing  methods  are  capable  of  providing  the  amount  of 
Information  needed  in  the  time  available. 

6.  CONCLUSION 

The  major  conclusion  reached  is  that  in  spite  of 


existing  efforts  to  solve  them,  certain  well-known 
and  serious  problems  associated  with  the  manage¬ 
ment  of  natural  resources  such  as  land-use,  over 
grazing,  over  population  etc.  still  persist.  Thus 
it  would  appear  that  the  recently  developed  tech¬ 
niques  could  be  applied  advantageously.  However, 
the  Third  World  environment  has  specific  charac¬ 
teristics  which  make  certain  techniques  more  like¬ 
ly  to  succeed  than  others.  For  instance,  the 
results  of  the  survey  indicate  that  airborne  data 
would  be  more  useful  in  the  region  than  satellite 
data.  Furthermore  the  term  'cost  effective*  must 
acquire  a  Third  World  connotation.  It  is  neces¬ 
sary  to  apply  remote  sensing  technology  in  such  a 
manner  so  as  to  assist  in  the  effective  utiliza¬ 
tion  of  the  available  limited  trained  manpower  and 
funds. 

Secondly,  the  misuse  of  remote  sensing  techniques 
by,  for  Instance,  applying  general'  qualitative 
methods  in  Inappropriate  circumstances,  can  be 
very  detrimental  to  the  future  acceptance  of  quan¬ 
titative  remote  sensing  in  areas  where  it  can  give 
valid  results. 

Thirdly,  and  of  considerable  importance,  quanti¬ 
tative  remote  sensing  projects  must  be  designed  to 
be  long-term  so  that  a  history  of  quantitative 
trends  can  be  built  up  in  order  to  verify  theore¬ 
tical  predictions  and  to  provide  irrefutable  evi¬ 
dence  in  support  of  arguments  for  improved  land- 
use,  farming  practices,  urban  developments  etc. 


Finally,  and  in  general,  it  is  concluded  that  the 
potential  for  the  application  of  quantitative 
remote  sensing  in  the  Third  World  is  very  large 
Indeed  provided  that  projects  ace  carefully 
planned  to  produce  credible  results  on  which  sub¬ 
sequent  work  can  be  -  based.  The  generation  of 
natural  resources  inventories  by  means  of  remote 
sensing  technology  is,  perhsis,  the  only  economic 
method  currently  available  to  provide  the  informa¬ 
tion  required  by  decisio'i  skv  .'s. 

Some  specific  examples  of  remote  sensing  prpjects 
presently  being  planned  and  executed  as  a  result 
of  the  survey  are  available. 
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Abstract 

Tromsp  Satellite  Station  (TSS)  is  the  national  data  acquisition 
facility  for  remote  sensing  satellites  in  Norway.  For  operational  use 
of  the  data,  it  is  necessary  to  provide  the  required  infrastructure. 
This  includes  facilities  for  archiving  and  retrieval  of  the  data,  real 
time  as  well  as  off  line  processing  of  standard  products,  and 
distribution  of  the  products  to  the  users. 

The  concept  of  a  national  data  centre  at  TSS  has  therefore  been 
introduced  as  Tromsp  Earth  Observation  Centre  (TEOC).  'Hte 
paper  describes  the  concept  and  overall  model  of  TEOC.  A  pilot 
implementation  of  a  near  real  time  distribution  facility  and  an 
interactive  catalogue  and  ordering  facility  is  presented,  and  future 
strategy  is  outlined. 


Key  words :  Infrastructure  -  Data  Centre  •  Operational  Remote 
s'cnjiV/g  Applications 


TEOC  -  AN  Earth  Observation  Data  Centre 

Remote  sensing  is  expected  to  give  important  contributions  to  a 
number  of  applications  (e.g.  environmental  monitoring,  ocean 
surveillance  and  ship  traffic  monitoring,  wave  forecasting,  ice 
mapping,  sea  surface  temperature  studies,  etc.).  However,  due  to 
frequent  cloud  coverage,  the  data  available  from  present  optical 
systems  is  strongly  limited.  This  will  be  improved  by  the  new 
generation  of  radar  satellites  offering  active  sensors  independent  of 
cloud  coverage. 

For  utilization  of  the  large  amount  of  satellite  data  in  operation^ 
systems,  the  necessary  infrastructure  must  be  provided.  This 
includes  data  centre  functions  for  archiving  and  retrieval  of  data, 
teal  tir. .,  as  well  as  off  line  processing  of  standard  products  to 
different  levels,  and  distribution  of  the  products  to  the  users. 

The  primary  data  acquisition  facility  for  remote  sensing  satellites  in 
Norway  is  Tromsd  Satellite  Station  (TSS).  TSS  receives  data 
mainly  from  the  NOAA  satellites  and  from  the  MOS  satellite.  TSS 
is  also  the  National  Point  Of  Contact  (NPOC)  for  ESA's  Eailhnet 
distribution  service.  The  station  is  presently  being  upgraded  to  a 
.  national  ERS-1  data  acquiring  and  processing  centre.  The 
upgrading  will  be  completed  at  the  ERS-1  launch  in  1990. 
Participation  in  the  future  EO  programs  (e.g.  Columbus  Polar 
Platform,  Radarsai)  may  further  increase  the  variety  of  data 
available  from  TSS  in  the  future. 

Currently,  TSS  is  mainly  a  data  acquisition  facility.  The  data  centre 
functions  outlined  above  are  based  on  manual  ad  hoc  solutions.  We 
are  therefore  developing  a  national  data  centre  at  TSS,  Tromsp 
Earth  Observation  Centre  (TEOC)  [1]I2][3],  see  figure  1.  The 
work  is  financed  mainly  by  the  Norwegian  Space  Centre  (NSC). 

The  main  objectives  of  an  Earth  observation  centre  are  to  provide 
Earth  observation  products  to  customers,  and  to  do  business.  The 
customer  must  be  able  to  retrieve  the  desired  products  in  an  easy 
way,  and  the  centre  must  provide  effective  processing  and 
distribution  facilities.  The  main  function  therefore  is  an  effective 
order  handling  system,  closely  integrated  with  a  catalogue  and  an 
archive.  The  customers  may  be  located  far  away  from  the 
acquisition  station  or  data  centre.  By  using  computer  networks  in 
order  handling,  catalogue  access  and  product  distribution,  the  effect 
of  distance  is  minimized.  Aulumatiun  of  data  centre  functions 
increases  the  efficiency  and  reduces  the  costs. 

The  first  step  in  the  TEOC  development  is  an  electronic  delivery 
system  combined  with  a  catalogue  and  order  handling  system. 
TTiese  systems  have  to  operate  in  a  heterogeneous  environment  (i.e. 
different  types  of  computers,  tenninals,  networks,  and  softw.ye), 
and  should  be  accessible  on  a  24  hour  basis  from  remote  terminals 
tlirough  a  wide  area  network. 
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Product  delivery  via  Data  Network 

During  1989  we  arc  carrying  out  a  pilot  experiment  with  near  real 
time  product  delivery  through  a  data  network.  Two  national  pilot 
users  have  been  selected.  Oceanor  in  Trondheim  represents  the 
value  adding  industry,  while  Nansen  Remote  Sensing  Centre  in 
Bergen  is  a  research  institute.  In  the  expermient,  NOAA  AVHRR 
data  is  used.  We  focus  on  quick-looks,  raw  data,  and  sea  surface 
temperature  data. 

The  distance  between  TSS  and  most  of  its  users  is  quite  large. 
Nansen  Remote  Sensing  Centre  is  located  more  than  1500  km  from 
TSS.  The  present  metitod  for  'fast  delivery’  of  satellite  data 
products  has  been  by  plane  and  taxi,  with  delivery  times  ranging 
from  4  to  12  hours.  Using  data  network  we  obtain  delivery  times 
down  to  2  ininute.s  for  0.5  Mbyte  products,  and  reduced  delivery 
costs.  Especially  for  operational  monitoring  (sea  temperature  for 
fish  industry,  pollution  detection,  ship  detection,  etc.),  such  a 
dramatic  decrease  in  delivery  time  is  of  significant  importance. 

TSS  will  make  quick-looks  available  through  the  data  network 
immediately  after  a  satellite  pass.  A  user  may  tlien  fetch  the  quick- 
look  from  TSS  (either  by  electronic  mail,  or  by  file  transfer).  After 
inspecting  the  quick-look,  the  user  may  decide  to  order  a  given 
prc^uct  from  an  area  covered  by  tlie  satellite  pass.  Tlie  order  is  sent 
to  TSS  using  electronic  mail.  Shortly  afterwanlc  the  user  may  fetch 
the  generated  product  from  TSS.  See  also  figure  3  The  requested 
product  will  be  at  the  user  site  approximately  one  hour  after  the  data 
is  read  out  at  TSS.  This  is  within  the  90-minutes  time  limit  of  an 
ESA  fast  delivery  product. 

UNINETT,  the  Norwegian  research  data  network,  is  used  in  the 
experiment.  The  network  architecture  is  illustrated  in  figure  2. 
UNINETT  interconnects  the  Norwegian  universities,  research 
institutions,  and  colleges.  In  addition,  UNINETT  is  responsible  for 
gateways  to  a  number  of  international  networks.  UNlNETf 
supports  electronic  mail  handling  (X.400).  In  addition,  remote 
login  and  file  transfer  is  supported  for  X.25,  the  DARPA  protocols 
(pan  of  the  international  internet),  and  DECnet.  The  UNINETT 
backbone  consists  of  64  Kbps  permanent  X.25  connections 
combined  with  leased  64  Kbps  lines.  Cisco  IP  routers  are  used  to 
handle  the  DARPA  traffic.  In  the  pilot  experiment  the  DARPA 
protocols  are  used  together  with  X.400  message  handling  systems. 

To  prepare  for  the  large  amounts  of  data  from  future  satellites  we 
will  Stan  experiments  using  2  Mbps  satellite  coimectiuns  later  this 


Figure  2:  Network  architecture  for  satellite  product  delivery. 


year.  Tltis  also  includes  multicasting  of  products  from  TSS  to  the 
users. 

One  of  the  advantages  gained  by  using  the  existing  research  data 
network,  is  that  there  is  an  operation  and  maintenance  organization. 
In  addition,  the  network  is  continuously  improved  using  state-of- 
tlie-art  teclmology. 

We  expect  that  the  quality  improvement  in  the  distribution  service 
will  encourage  increased  use  of  satellite  data.  Existing  applications 
may  be  improved,  and  new  applications  made  possible. 

The  order  handling  in  the  pilot  experiment  is  very  simple.  We 
concentrate  on  the  last  satellite  pass  available,  and  the  order  is 
created  after  manual  inspection  of  a  quick-look.  However, 
development  of  an  advanced  catalogue  and  order  handling  system 
is  carried  out  in  parallel  with  the  pilot  experiment  on  data  network- 
product  delivery. 


EARTH  OBSERVATION  CENTRE 

07:30 

© 

RECEIVES  RAW  DATA  FROM  SPACE 

USER 

08:05 

DECIDES  TO  ORDER  PRODUCT  BY  ELECTRONIC  MAIL 


EARTH  OBSERVATION  CENTRE  07:50 

B 

MAKES  QUICKLOOK  AND  STORES  IT 

EARTH  OBSERVATION  CENTRE  08:35 

a 

w 

1 

BBj 

1  ^ 

MAKES  ORDERED  PRODUCT  AND  STORES  IT 


USER 

08:00 

P 

FETCHES  QUICKLOOK  FROM  REMOTE  STORE 


USER 

08:45 

© 

FETCHES  PRODUCT  FROM  REMOTE  STORE 


Figure  3:  Pilot  experiment  with  near  real  time  product  delivery  througli  a  data  network. 


2563 


Ordering  facility  for  remote  Sensing  Products 

In  addition  to  near  real  time  delivery,  some  users  will  need  to  order 
products  based  on  archived  data.  To  do  this,  the  user  will  need 
access  to  a  catalogue  giving  information  about  possible  products.  A 
pilot  implementation  of  a  catalogue  and  ordering  facility  wilt  be 
developed  in  1989. 

The  catalogue  describes  products  offered  by  TSS.  The  archive 
contains  mainly  raw  data  and  information  needed  for  further 
processing  of  this  data.  The  archive  ma^  oLso  include  some  further 
processed  data.  Data  is  stored  on  different  mcd:’’  (magnetic  and 
optical  discs,  tape,  film,  slides,  paper),  and  may  be  iocated  at 
different  sites. 

The  user  can  search  the  catalogue  to  identify  both  existing 
products,  and  raw  data  heeded  to  generate  new  products.  A  user 
will  need  infonnation  like:  Satellite,  sensor,  acquisition  date  and 
time,  geographical  area  covered,  quality,  product  type,  processing 
level,  etc.  TTie  search  can  be  done  using  any  combination  of 
attributes  and  ranges  of  attribute  values.  The  result  of  a  search  is  to 
be  presented  as  a  list  of  records,  each  record  describing  one  remote 
sensing  product. 


To  order,  the  user  must  also  get  information  about:  Delivery 
methods,  time  aspects  for  processing  and  delivery,  product  prices, 
etc.  It  should  be  possible  for  the  user  to  work  on  a  temporary 
order,  which  at  any  time  may  be  canceled.  Before  sending  the 
order,  the  user  should  get  an  estimate  of  the  total  costs. 

In  the  same  way  as  described  above,  it  should  be  possible  to  order 
products  based  on  fumre  passes. 

The  ordering  system  must  emphasize  user  friendly  and  efficient 
dialogue,  for  novice,  as  well  as  for  expert  users.  A  multi-wmdow 
system  with  menus,  selection  from  maps,  and  presentation  of 
quick-looks,  could  be  one  version  of  this  interface,  see  figure  4. 
The  system  must,  however,  also  offer  an  interface  to  ordinary 
•eiminals. 

It  should  be  easy  to  build  applications  on  top  of  the  ordering 
system.  For  instance,  the  system  could  provide  a  procedurtd 
interface  in  addition  to  the  interactive  user  interface,  in  order  to 
facilitate  automatic  use  of  the  system.  It  should  also  be  possible  to 
integrate  the  system  with  other  available  and  future  catalogue 
systems.  This  would  give  tlie  user  access  to  several  catalogues  and 
archives,  but  the  user  would  still  "see"  the  ordering  facility  as  one 
system. 
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Figure  4:  Example  of  an  order  handling  system  providing  graphical  user  interface,  with  multi-windows  and  menues. 
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An  operational  Application  Scenario 

Environmental  problems  are  among  the  main  challenges  to  be  dealt 
with  in  the  future,  and  this  is  an  area  where  remote  sensing 
products  are  expected  to  give  important  contributions.  One  example 
is  the  problem  of  ships  polluting  the  oceans,  deliberately  or  not. 
Valuable  and  invaluable  resources  are  at  stake;  Sea  life,  shores,  and 
income  for  people  depending  on  the  fisheries.  The  short  term  and 
long  term  effects  may  not  be  limited  to  one  country.  When  the 
pollution  is  due  to  an  accident,  it  will  normally  be  reported  from  tlie 
polluting  ship.  In  other  cases,  the  pollution  may  evolve  undetected 
for  a  long  time. 

To  be  able  to  minimize  the  damages,  it  is  important  to  detect 
pollution  as  soon  as  possible.  Oil  spill  is  an  example  of  such 
pollution.  Effort  must  be  made  in  cleaning  up  the  oil,  estimating  the 
damages,  and  tracking  down  the  responsible.  We  present  a  system 
to  deal  with  these  problems,  which  may  be  c^led  the  Coast 
Environment  Guard  (see  figure  5). 

The  backbone  in  such  a  system  will  be  a  24  hour  operating 
monitoring  system  based  on  regular  satellite  data. 

FIRST,  automatic  detecting  algorithms  discover  polluted  aretis 
shortly  after  the  satellite  has  passed.  The  Endings  are  repotted  to 
the  Coast  Environment  Head  Quarter,  where  further  actions  are  co¬ 
ordinated. 

SECOND,  if  oil  pollution  is  detected,  the  clean  up  operations  need 
in  silu  measurements  and  addition^  real  time  satellite  data  to 
describe  the  extension  of  the  oii  spill.  Satellite  data  like  ocean 
current  and  sea  temperature  data  must  be  combined  with  in  situ 
measurements  in  models  to  estimate  how  fast  the  oil  will 
deteriorate,  and  to  give  forecasts  on  the  oil  spill  movements.  This 
in  turn  makes  planning  of  the  clean  up  operation  easier,  resulting  in 
less  damage  done  to  the  nature  and  better  resource  utiliution. 

THIP*D,  the  culprit  could  be  tracked  dov/n  usin^  ship  detection 
from  radar  images  (Iiistorical  radar  data  in  the  archive)  combined 
with  international  registers  of  ship  positions.  The  faster  the  oil  spill 
is  found,  the  easier  it  will  be  to  identify  the  responsible.  Oil 
samples  may  be  used  to  establish  the  source  of  the  oii  spill. 

This  application  needs  both  periodic  real  time  data  and  access  to 
historical  data  from  selected  areas.  Integration  with  data  from  otlter 
sources  (e.g.  in  situ  measurements),  and  models  for  combining  the 
data  will  be  needed. 


Figure  5:  A  scenario  of  a  Coast  Environment  Guard. 
Conclusions 

The  future  strategy  in  providing  infrastructure  for  operational  use 

of  Earth  observation  data  should  be  influenced  by  a  few  crucial 

observations: 

•  Earth  observation  data  wili  be  one  of  several  data  sources  for 
application  systems  [4].  The  systems  must  integrate  these  data 
before  delivery  to  the  end-user. 

-  Multi  temporal  and  multi  sensor  products  will  require 
standardized  storage  and  retrieval  fotmats. 

-  The  large  amount  of  data  (e.g.  from  radar  satellites)  requires 
centralization  of  data  processing  before  delivery  to  users,  to 
reduce  communication  cost  and  storage  requirements  for  the 
user. 

-  Earth  observation  infrastructure  (distribution  networks,  order 
handling,  user  support,  etc.)  should  be  developed  in  a  general 
way  to  handle  different  types  of  useis  and  products.  Providing 
infrastructure  is  a  continuous  process  where  new  technology 
must  be  integrated  as  required  by  the  users  and  the  applications. 

-  Effort  must  be  made  to  identify  and  develop  future  markets  for 
remote  sensing  products.  Continuous  product  development  will 
be  essential.  User  friendliness  and  customer  support  must  be 
emphasized. 

Our  work  heads  in  this  direction  by 

-  deveioping  a  general  order  handling  and  cataiogue  system 
capable  of  utilizing  existing  and  future  user  interfacing,  storage, 
and  communication  facilities. 

-  continuous  product  development 

-  analyzing,  evaluating,  and  developing  current  and  future  markets 
for  existing  and  funire  products. 

-  co-ordinating  the  development  of  the  Tromsp  Earth  Observation 
Centre  with  the  national  Earth  observation  strategy  outlined  by 
the  Norwegian  Space  Centre  (NSC). 
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This  paper  summarizes  the  capabilities  of  tiie  100  Canadian 
companies  that  make  up  the  Remote  Sensing  Itidustry  in  Canada.  The 
paper  is  based  on  a  study  undertaken  in  early  198!)  for’ an  export 
oriented  capability  guide. 

The  paper  outlines  the  ma.jor  areas  of  teciinology  and  services 
provided  by  industry  and  recent  significant  developments  in  the 
technology.  Tt  also  provides  an  indication  of  the  wide  geographic 
dispersion  of  the  industry  in  terms  of  the  location  of  the 
companies  involved,  their  employment  levels  (aggregated),  atid  l.heir 
major  markets  In  Canada  and  abroad. 

The  final  section  looks  to  the  future  with  a  short  disrnssion  of 
the  future  expected  market. 
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Ecosyatema  arc  complex.  Forest  nanagera  who  must  naha 
Integrated  resource  sanage.tent  decisions  need  a  decision  assistance 
tool  that  provides  currant,  integrated  and  reliable  Information. 
Comprehensive  and  timely  remote  sensing  products  can  provide  a 
reliable  and  accurate  source  of  data  for  a  local  deelalon  assistance 
tool  that  integrates  planning.  Inventory,  silviculture,  protection, 
harvesting  (sealing),  recreation  and  other  data. 

To  provide  the  support  necessary  to  assist  forest  managers,  a 
computer  program  has  been  developed  for  micro/mlnl  systems.  For  a 
specific  area,  the  Lakes  Forest  District  In  central  British  Columbia, 
Landsat  S  transparences  were  purchased  annually  and  the  changes  in 
forest  cover  transferred  to  a  hard  copy  of  a  digitized  forest  cover 
maps  using  the  Procom  ix.  Annual  data  was  captured  on  a  separate 
digital  graphics  level,  compared  to  last  year's  forest  cover  graphics 
level  and  a  resultant  level  created.  From  the  graphics  resultant 
level  a  change  or  transaction  file  was  created.  Activity  reports  were 
generated  from  this  transaction  file  relative  to  the  activities 
planned  for  that  year.  In  the  Laices  Forest  District  low  volume  per 
hectare  stands  constitute  a  large  percentage  of  the  landbase.  Logging 
operators  have  agreed  to  harvest  the  same  percentage  of  low  volume 
stands  annually  as  is  found  in  the  total  inventory  in  exchange  for 
having  this  increased  landbase  Included  in  their  allowable  cut  plans. 
Results  of  the  planned  vs  actual  preforirance  are  Included. 

Actual  harvest  volumes  (scale  returns)  were  compared  to  the 
planned  harvest  volumes  on  a  per  hectare  basis  Silviculture 
achievements  and  fire/pest  losses  were  added  or  subtracted  from  the 
projected  (modelled)  forest  growth.  The  trend  of  increasing  or 
decreasing  total  forest  resource  was  reported.  The  potential  of 
including  status,  recreation  and  range  annual  transaction  were  also 
reviewed. 


The  conclusion  of  the  project  is  that  bringing  forest 
resource  date  from  various  sourced  together  into  a  decision  assistance 
tool  can  provide  much  needed  support  to  local  decision  making.  Remote 
sensing  loakes  the  program  possible  by  providing  a  cheap,  reliable, 
accurate,  comprehensive  and  timely  source  of  information. 
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ABSTRACT 

A  technique  for  estimation  of  the  Doppler  centroid  of 
synthetic  aperture  radar  (SAR)  in  the  presence  of  a  large  an¬ 
tenna  boresight  pointing  uncertainty  is  described.  Also  inves¬ 
tigated  is  the  image  degradation  resulting  from  data  process¬ 
ing  using  an  ambiguous  centroid.  Two  approaches  for  Doppler 
centroid  estimation  (DCE)  ambiguity  resolution  are  presented: 
The  range  cross-correlation  technique  and  The  multiple  PRF 
technique.  For  the  multiple  PRF  technique,  since  other  design 
factors  control  the  PRF  selection  for  SAR,  a  generalized  algo¬ 
rithm  is  derived  for  PRFs  not  containing  a  common  divisor.  An 
example  using  the  Shuttle  Imaging  Radar  (SIR-C)  parameters 
illustrates  that  this  algorithm  is  capable  of  resolving  the  C-band 
DCE  ambiguities  for  antenna  pointing  uncertainties  of  2°  ~  3". 

I.  Introduction- 

The  utility  of  most  pulse  Doppler  radar  systems  is  de¬ 
pendent  on  the  determination  accuracy  of  the  Doppler  param¬ 
eters  of  the  echo  data,  such  as  the  moving  target  indicator 
radar  (MTIR),  where  the  target  velocity  estimate  is  based  on  its 
Doppler  shift  and  the  synthetic  aperture  radar  (SAR),  where  the 
Doppler  centroid  of  the  echo  is  needed  for  the  generation  of  the 
azimuth  reference  function  and  the  range  migration  compensa¬ 
tion  [Skolnik,  1970),  [Wu,  1982),  [Li,  1985).  Due  to  discrete  sam¬ 
pling  of  the  target  spectrum  at  the  pulse  repetition  frequency 
(PRF),  the  interval  of  unambiguous  Doppler  spectrum  is  limited 
to  the  PRF.  Thus,  the  Doppler  centroid  estimation  ambiguity 
(DCE  ambiguity)  occurs  if  the  pointing  uncertainty  results  in  a 
Doppler  shift  greater  than  PRI'72  [Li,  1983).  This  is  very  likely 
to  occur  for  short  wavelength  spaceborne  SARs  (e.g.,  C-band, 
X-band  and  above).  Table  1  shows  the  antenna  pointing  uncer¬ 
tainties,  drift  rate,  azimuth  beamwidth,  and  expected  maximum 
ambiguity  number  for  the  Shuttle  Imaging  Radar  (SIR-C),  the 
X-SAR,  and  the  European  Remote  Sensor  (ERS-1)  SAR. 

In  this  paper,  two  approaches  are  presented  to  resolve 
this  DCE  ambiguity  for  the  SAR.  1)  The  range  cross-correlation 


technique  [Jin,  1981),  [Cumming,  1986)  and  2)  The  multiple 
PRF  technique  [Skolnik,  1970],  [Taylor,  1972).  The  range  cross¬ 
correlation  technique  is  based  on  the  misregistration  error  be¬ 
tween  two  independent  looks  of  the  same  SAR  image  in  the  range 
direction.  It  requires  the  existence  of  high  contrast  targets  to 
reliably  detect  the  ambiguity.  The  actual  pixel  shift  may  be  only 
a  fraction  of  a  resolution  cell,  making  precise  determination  ad¬ 
ditionally  difficult.  The  multiple  PRF  technique  has  been  a  well 
known  method  to  resolve  the  Doppler  ambiguity  for  MTIR.  The 
unique  constraint  in  utilizing  this  multiple  PRF  technique  for 
SAR  is  that  other  factors  in  the  radar  design  determine  the  se¬ 
lected  PRF  values  (i.e.,  they  arc  not  necessarily  multiples  of  a 
large  common  factor).  The  performance  of  the  multiple  PRF 
technique  is  limited  by  the  available  PRF  in  addition  to  the  un¬ 
modeled  platform  stability  (i.e.,  attitude  drift  rate)  and  Doppler 
centroid  estimation  error  (DCE  error). 

II.  Effects  of  the  DCE  Ambiguity  on  SAR  Imagery 

The  effects  of  the  DCE  ambiguity  include:  1)  Degrada¬ 
tion  in  the  point  target  response  in  terms  of  mainlobe  broaden¬ 
ing  and  sidelobe  values;  2)  Degradation  in  the  image  signal-to- 
noise  ratio  (SNR)  and  signal-to-azimuth  ambiguity  level  ratio 
(SALR);  3)  Geometric  distortion,  primarily  azimuth  skew;  and 
4)  Misregistration  error  between  looks  resulting  in  error  in  the 
multilook  overlay  process. 

A  simulation  of  the  2-dimensional  point  target  response 
by  using  the  SIR-C  C-band  parameters  was  conducted  to  quan¬ 
titatively  evaluate  the  effects  of  DCE  ambiguity  on  the  point 
target  response.  The  relevant  radar  parameters  are:  wavelength 
=  .0565  m,  sensor  altitude  =  250  Km,  sensor  velocity  =  7500 
m/sec,  PRF  =  1620  Hz,  range  bandwidth  =  10,  20  MHz,  chirp 
duration  =  33.8  psec,  and  look  angle  =  30°.  The  resolution 
broadening,  integrated  sidelobe  ratio  (ISLR),  signal-to-noise  ra¬ 
tio,  misregistration  between  look-1  and  iook-4  data,  and  squint 
angle  uncertainty  error  arc  summarized  in  Table  2.  In  the  cal¬ 
culation  of  the  ISLR,  the  mainlobe  region  was  fixed  at  that  of 
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tlie  point  target  response  without  ambiguity  (k  =  0).  Fig.  1 
shows  the  two-dimensional  point  target  responses  at  different 
ambiguity  numbers.  The  degradation  in  the  point  target  re¬ 
sponse  results  mainly  from  the  residual  range  walk.  The  range 
walk  at  different  ambiguity  numbers  is  also  shown  in  Table  2. 


III.  Range  Cross-Correlation  Algorithm 

The  range  cross-correlation  algorithm  is  an  approach 
unique  to  SAR  for  ambiguity  resolution.  It  is  based  on  the  fact 
that  a  range  misregistration  error  between  different  looks  of  the 
SAR  image  is  induced  if  an  incorrect  Doppler  centroid  is  used 
for  the  range  walk  compensation.  The  range  misregistration 
error,  Afi,  between  two  time-separated  (or  frequency-separated) 
single-look  images  centered  at  ta  and  Ij,  is 


AR=!t„-<i| 


A(I-  PRF) 
2 


(1) 


where  k  is  the  ambiguity  number,  and  AT  =  la  -  lb  is  the  time 
separation  between  the  centers  of  the  two  looks.  The  misregis¬ 
tration  error,  and  hence  the  DCE  ambiguity,  can  be  detected  by 
cross-correlating  two  different  looks  of  images  in  range. 

The  advantages  of  the  range  cross-correlation  algorithm 
compared  to  the  multiple  PRF  algorithm  are  that  its  perfor¬ 
mance  is  not  as  sensitive  to  the  available  PRFs,  the  platform 
stability,  and  the  DCE  uncertainty.  Its  disadvantage  is  that 
its  performance  is  highly  scene  dependent  and  is  degraded  by 
the  speckle  noise.  High  contrast  targets  are  required  to  yield 
accurate  results.  For  the  subpixel  misregistration,  the  ambi¬ 
guity  is  difficult  to  resolve  using  range  cross-correlation  due  to 
the  speckle  noise  effect  in  the  1-look  SAR  imagery.  Hence,  the 
range  cross-correlation  technique  can  only  reliably  approximate 
the  ambiguity  number. 


PRFs.  This  section  presents  a  fast  algorithm  to  resolve  the 
DCE  ambiguity.  Since,  three  PRFs  are  necessary  and  sufficient 
for  SIR-C,  the  case  of  three  PRFs  is  presented. 

Let  PRFi,  PRF2,  and  PRFj  be  three  of  the  PRFs  used 
to  resolve  the  DCE  ambiguity  and  fn,  fj2,  and  fa  be  three 
ambiguous  Doppler  centroid  estimates  (the  observed  Doppler 
centroids),  which  are  obtained  from  the  Doppler  centroid  esti¬ 
mation  algorithm  (DCE  algorithm).  Due  to  the  repeating  fre¬ 
quency  spectrum,  0  <  fji  <  PRFi,  0  <  fd2  <  FRFa,  and 
0  <  /is  <  PRF3.  Let  fdi,  fj2}  and  fju  be  the  unambiguous 
Doppler  centroid  estimates  for  these  three  different  PRFs.  We 
have 

fdi  —  k\PRFi  -1-  fii  (2a) 

!d2  =  hPRF2-¥fi2  (26) 

/is  =  hPRFi  -f  /is  ,  (2c) 

where  ki,  1-2,  and  I's  represent  the  ambiguity  number.  Ideally 
/it  =  /is  =  /is-  Due  to  the  DCE  error  and  antenna  drift,  they 
are  not  equal  in  general.  The  effect  of  the  antenna  drift  rate  can 
be  partially  compensated  by  utilizing  the  antenna  attitude  drift 
rate  information  provided  in  the  ephemeris  data  such  that  the 
difference  in  fn,  fi2,  fdi  is  only  subject  to  the  DCE  error  and 
undetermined  attitude  drift,  i.e., 

/is  =  /is  -  A/is  (3o) 

/is  =  /is  -  I  (36) 

where  A/is  represents  the  Doppler  drift  between  PRFi  and 
PRF2  and  A/is  the  drift  between  PRFi  and  PRFi.  Both  drifts 
are  estimated  from  the  ephemeris  data. 


IV.  Multiple  PRF  Algorithm 

The  multiple  PRF  technique  has  been  a  well-known 
method  for  ambiguity  resolution  for  MTIR.  The  unique  con¬ 
straint  in  utilizing  this  multiple  PRF  technique  for  SAR  is  that 
other  factors  in  the  radar  design  determine  the  selected  PRF  val¬ 
ues  (i.e.,  they  are  not  necessarily  multiples  of  a  large  common 
factor).  For  the  SIR-C,  the  multiple  PRF  switching  is  planned 
to  be  part  of  the  radar  on/off  sequences.  Three  selected  PRFs 
are  cycled  through  at  the  beginning  of  each  data  take.  The 
dwell  time  for  each  PRF  is  designed  to  be  one  second  long.  The 
third  PRF  is  used  throughout  the  data  take  (approximately  10 
minutes  long).  An  inverted  PRF  sequence  is  repeated  at  the 
conclusion  of  the  data  take  which  will  be  used  by  the  processor 
to  verify  the  Doppler  tracking. 

In  general,  the  selected  PRFs  do  not  contain  a  large 
common  factor.  One  obvious  way  to  resolve  the  ambiguity  is 
a  brute  force  search  through  all  the  possible  combinations  of 


Doppler  Cenlroid  Eslimation  Ambxguily  Resolulion  Algorilhm 
(input;  PRFi,  fn,  PRF2,  /«,  PRFi,  fa',  output:  fn,  fa,  fdi, 
61,  62] 

Let 


APi?F=  IPRFz-PRF,]  (4a) 


and 


PRFi 

“  AFRF  ’ 


(46) 


where  m2  is  a  real  number.  The  solution  of  (2a)  can  be  expressed 
as  a  function  of  an  integer  t  as 


fix  =  PRFi  *  rnd 


fd2  -  fdi 


APRF 


+  i*m2 


+  fdi  ,  (5) 


where  "rnd”  represents  the  integer  round  off  operation.  Com¬ 
pared  to  the  brute  force  search,  the  complexity  is  reduced  by  a 
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factor  of  m2.  Tlie  optimal  1  can  be  obtained  by  computing  .  that  at  many  of  tlio  look  angles,  the  maximum  antenna  attitude 

uncertainty  in  squint  angle,  4’mat,  can  be  as  high  as  2“  ~  3® 
^1  =  \[fdi  -  (h  PRF2  +  /<(2)]  mod  P/JF21  and  the  maximum  unmodcled  antenna  drift  rate  in  squint  an- 

=  \(fdl  -  hi)  mod  PRFil  (6a)  glc,  can  be  as  high  as  .026°/sec. 


S2  =  Wfdi  -  (h  PRFi  +  7rf3)l  mod  PRFi\ 


=  \(fdi-fdi)mod  PRFi\ 

(66) 

and  minimizing 

S,„i„  =  yjsl  +  Sl  , 

(7) 

where  61  <  PRF2I2  and  62  ^  PRF3/2. 
solutions  that  minimize  (7).  Then, 

Let  k2  and  kj  be  the 

/a,  =  PRFi  *  rnd  +  i  »  m2  -b  hi  (8a) 

fd2  =  k2PRF2  -b  ‘fd2 

(85) 

fdi  =  hPRFj  -b  hi  ■ 

(8c) 

VI.  Concluding  Remarks 

Two  different  approaches  were  presented  to  resolve  the 
DCE  ambiguity:  range  cross-correlation  and  multiple  PRF  tech¬ 
nique.  The  range  cross-correlation  technique  is  achieved  by 
cross-correlating  two  single-look  images  of  the  same  target  to 
detect  the  cross-track  misregistration.  High  contrast  targets  in 
the  SAR  data  are  required.  The  performance  of  the  multiple 
PRF  technique  is  primarily  limited  by  the  system  design  (i.e., 
available  PRF,  unknown  antenna  drift  rate,  and  DCE  error).  An 
example  using  the  Shuttle  Imaging  Radar  (SIR-C)  parameters 
illustrates  that  this  algorithm  is  capable  of  resolving  the  C-band 
DCE  ambiguities  for  antenna  pointing  uncertainties  of  2®  ~  3® 
and  unmodcled  antenna  drift  rate  ~  .026®/sec. 


## 

If  imin  is  smaller  than  some  threshold,  the  ambiguity 
is  claimed  to  be  resolved.  If  it  is  greater  than  the  threshold, 
the  ambiguity  is  not  completely  removed  due  to  the  presence 
of  large  DCE  error  or  unmodcled  antenna  drift.  The  choice  of 
threshold  determines  the  probability  of  ambiguity  resolution. 

V.  Performance  of  the  Multiple  PRF  Algorithm 

Let  e  represent  the  DCE  error  and  Ati2  be  the  time 
between  the  the  first  and  second  DCEs.  To  avoid  an  ambiguity 
in  (5),  the  maximum  acceptable  undetermined  antenna  drift  rate 
in  squint  angle  (i.e.,  combination  of  yaw  and  pitch)  is 


,  A  fLPRF 

’"'®*  ~  2VAfi2  \  ■  2 


(9) 


Let  9  be  the  unknown  azimuth  squint  angle  of  the  antenna  beam 
due  to  the  antenna  attitude  error  and  the  maximum  unambigu¬ 
ous  Doppler  frequency  interval  of  the  multiple  PRF  technique 
be  denoted  by  l.c.m.(PRF).  Then,  the  maximum  squint  angle 
is 

^maiiism  I  - -  1  (10) 

The  DCE  ambiguity  is  resolved  when  |^|  <  dmar  given  by  (10) 

..  j  iii\  ^  u..  /n\ 

one  I  v-;- 
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1 

SIR-C  1 

X-SAR 

ERS-1 

*  Pointing  Error 

:  (3<^) 

roll:±1.24<’ 

yaw:±1.43“ 

pitch:±1.78‘’ 

roll:±0.11° 

yaw:±0.17° 

pitch:±0.13° 

Drift  Rate 
(3o) 

±0.033*/sec  in  roll,  yaw,  pilch 

i 

1  ±0.0015'^/sec  in  roll,  yaw,  pilch 

Transmitter 

Frequencies 

L-band 

1.26  GHz 

C-band 

5.31  GHz 

X-band  j  C-band 

9.60  GHz  i]  5.31  GHz 

'  Azimuth 

Beamwidth 

1.13° 

0.27° 

’I 

0.15°  ''  0.32° 

Maximum 
Ambiguity  Number 

±2.0 

±8.5 

±15.2  !;  =0.7 

li 

Table  1:  SIR-C,  X-SAR,  and  ERS-1  parameters. 


range  chirp  DVV 

10  MHz  1 

20  MHz  1 

k 

2 

3 

4 

1 

2 

3 

4 

2-D  resolution 
(normalized) 

■n 

1.04 

1.25 

1 

1 

1.84  ;  4.10 

1.22 

4.21 

13.4 

25.5 

2-D  ISLR 

(degradation  in  dB) 

0.4 

1.4 

3.2 

5.3 

1.5 

5.5 

10.2 

i 

13.6 

t  SNR 

i  (loss  in  dB) 

0.4 

1.5 

3.4 

5.8 

1.5 

5.8 

9.7 

12.2 

[  AR 

i  (pixels) 

0.48 

0.97 

1.45 

1.94 

0.97 

1.93 

2.90 

3.87 

I  <t> 

(degrees) 

0.35 

0.70 

1.05 

1.40 

0.35 

0.70 

1.05 

1.40 

range  walk 
(pixels) 

0.84 

1.49 

2.13 

2.78 

1.69 

2.98 

4.27 

5.56 

Table  2:  Simulation  results  of  the  DCE  ambiguity  effects  for  the  SlR-C  C-band 
two-dimensional  point  target  response.  The  relevant  parameters  arc:  wavelength  = 
.0565  m,  sensor  altitude  =  250  Km,  sensor  velocity  =  7500  m/sec,  PRF  =  1620  Hz, 
range  bandwidth  =  10,  20  MHz,  chirp  duration  =  33.8  ixsec,  and  look  angle  =  30°. 
The  range  pixel  spacing  is  13.3  m  and  6.7  m,  respectively,  k:  ambiguity  number,  2-D 
resolution:  2-dimensional  resolution,  2-D  ISLR:  2-dimensional  integrated  sidelobe 
ratio;  AR:  misregistration  error  between  look-1  and  look-4  images,  ij>-.  azimuth 
squint  angle  uncertainty. 
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BW=  10  MHz 

k  =  0  k  =  1  k  =  2  k  =  3-  k  =  4 


4- 

# 

# 

■  BW  =  20MHz 

k=0  k=1  k=2  k=3  k=4 


Fig.  1:  The  SIR-C  simulated  point  target  responses  as  a  function  of  ambiguity  numbers. 
BW:  range  bandwidth,  k:  ambiguity  number.  The  results  are  summarized  in  Table  2. 


(a): 


(b): 


MAX 
DRIFT 
RATE 
(degi«e/sec) 


-J 


Fig.  2.  An  example  of  the  maximum  squint  angle  and  drift  rate  by  using  the  multiple  PRF  switching  technique 
for  the  given  SIR-C  PRF  set.  (a):  maximum  squint  angle,  (b):  maximum  drift  rate. 
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Abstract 

For  high  precision  SAR  (Synthetic  Aperture  Radar)  pro¬ 
cessing,  the  determination  of  the  absolute  Doppler  Cen¬ 
troid  is  Indispensable.  The  Doppler  frequency  estimated 
from  azimuth  spectra,  however,  suffers  from  the  fact  that 
the  data  arc  sampled  with  the  PRF  and  an  ambiguity  about 
the  correct  PRF-band  remains  Five  methods  for  Ambiguity 
Resolving  are  proposed  and  discussed  together  with  the 
already  known  technique  of  look  correlation.  None  of  these 
methods  have  a  requirement  on  the  mission  schedule.  It  is 
shown  that  the  following  effects  can  be  used  to  measure  the 
absolute  Oopple'r  frequency;  the  Doppler  shift  of  range 
spectra,  range  migration,  image  geometric  misregistration 
and  the  use  of  multifrequency  radar  data. 

Keywords: 

SAR  Processing,  SIR-C,  X-SAR,  PRF  Ambiguity,  Doppler 
Ambiguity 


1.  Introduction 


The  processing  of  SAR  (Synthetic  Aperture  Radar)  data 
requires  the  knowledge  of  the  absolute  Doppler  Centroid 
frequency  (foe)  for  each  data  segment.  The  foe  is  defined  as 
the  Doppler  frequency  caused  by  Ihe  relative  motion  bet¬ 
ween  the  sensor  and  a  target  in  the  azimuth  beam  center 
line.  Due  to  earth  rotation  and  a  sensor  pointing  angle  dif¬ 
ferent  from  the  boresighi,  the  value  of  foe  can  vary  consi¬ 
derably.  The  amount  of  variation  increases  with  the  radar 
carrier  frequency  and  sensor  attitude  instabilities  and  un¬ 
certainties. 

The  Doppler  Centroid  frequency  is  usually  determined  by 
an  azimuth  spectral  analysis  [Li,  1985].  Due  to  the  pulsed 
nature  of  SAR  systems,  the  azimuth  signal  is  sampled  by 
the  Pulse  Repetition  Frequency  (PRF).  Hence  an  azimuth 
spectral  estimate  foc.t<»  is  always  confined  to  the  baseband. 

-PRF  12  <  f--.  PRF  12 

and  thus  suffers  from  an  ambiguity  modulo  PRF- 

^DC  =  ibe.bsse  +  ”  • 


An  advanced  Doppler  Centroid  Tracker  should  be  able  to 
follow  the  Doppler  frequency  variation  even  across  the 
PRF-band  boundaries.  Thus  it  will  update  the  number  n 
relative  to  its  starting  point. 


The  subject  of  'Ambiguity  Resolving'  is  the  determination 
of  the  absolute  value  of  the  number  n  which  will  be  taken 
as  a  bias  for  the  Doppler  Tracker.  This  needs  to  be  done 
only  once  during  a  data  take.  The  required  absolute  accu¬ 
racy  of  the  Ambiguity  Resolver  is  PRF/2.  In  a  SAR  system, 
the  PRF  Is  adjusted  to  the  azimuth  bandwidth,  but  is  limited 
by  data  rate  constraints  and  the  risk  of  range  ambiguities. 
For  an  L-band  SAR  on  a  properly  stabilized  platform,  like 
the  Seasaf  satellite,  the  ambiguity  number  n  In  equ.  (i)  can 
be  calculated  from  orbit  and  nominal  attitude  data.  For  the 
X-band  radar  [Wahl,  1988,  Miller,  1989]  on  the  SIR-C 
shuttle  mission  rHune^cult,  1989],  however,  the  uncertainty 
of  the  ambigul  number  n  can  be  up  to  ±  20.  because  of 
the  unprecise  i  ide  data.  The  use  of  a  wrong  value  of  n 
for  the  SAR  im.  formation  process  results  In  a  loss  of 
spatial  resolutioi  ^Li,  1983]  and  an  Image  misregistration 
[Curlander,  1982].  Therefore,  the  resolving  of  the  PRF 
amibguity  is  essential  for  high  precision  SAR  processing. 

In  this  paper  we  will  discuss  methods  that  use  only  Ihe  SAR 
raw  data  itself  and  have  no  major  implications  on  the  mis¬ 
sion  time  lining  like  the  'PRF  hopping'  method  [Li,  1983] 
or  the  transmission  of  a  pilot  tone.  The  methods  described 
in  the  following  are  based  on  either  the  Doppler  shift  of 
single  radar  echoes  or  on  effects  caused  by  sensor/target 
geometry  which  are  not  affected  by  the  PRF  sampling 


2.  Doppler  Shift  of  the  Range  Spectrum 


Each  received  radar  return  is  subject  to  the  unknown  ab¬ 
solute  Doppler  shift.  Hence  the  range  power  spectra  are 
shifted  by  f^c  relative  to  the  nominal  chirp  spectrum.  In 
contrast  to  the  PRF.  the  range  sampling  rate  is  much  hig¬ 
her  than  the  maximum  Doppler  shift  It  should  thus  be 
possible  to  measure  fpc  from  the  range  spectra  without 
ambiguity.  The  shift  between  the  spectra  may  be  determi¬ 
ned  by  a  frequency  discrimination  technique  or  methods 
originally  developped  for  the  azimuth  Doppler  Centroid 
estlmatlcn  like  the  crosscorrelatior,  or  onerg-y  balancing 
method  described  by  [Li,  1985]  and  [Madsen,  1986].  The 
resolution  requirements  of  such  a  spectral  estimator  are 
however  enormous:  the  typical  range  chirp  bandwidth  of  a 
spaceborne  SAR  is  in  the  order  of  20  MHz,  while  the  shift 
must  be  measured  with  an  accuracy  of  at  least  700  Hz, 
assuming  a  PRF  of  1400  Hz.  This  requirement  can  only  be 
met  by  averaging  a  vast  amount  of  range  spectra  in  order 
to  suppress  the  speckle  noise  (see  Fig.  1). 
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It  can  be  shown  both  experimentally  and  theoretically  that 
at  least  50  000  range  spectra  must  be  averaged  to  achieve 
the  required  resoiution.  This  need  not  necessarily  lead  to 
a  high  computation  time,  because  this  procedure  might  be 
incorporated  into  the  spectral  domain  range  compression. 
In  a  high  frequency  SAR  the  foe  can  vary  in  the  range  di¬ 
rection  by  several  PRF  bands.  This  fact  makes  a  range 
segmentation  necessary  for  the  Ambiguity  Resolving.  If  the 
size  of  the  segments  comes  close  to  the  length  of  a  range 
chirp,  a  range  compression  prior  to  the  segmentation  is 
required.  Care  must  be  taken  not  to  alter  the  envelope  of 
the  range  spectrum  which  contains  the  information  about 
the  Doppler  shift.  The  requirement  for  the  range  spectrum 
preservation  must  be  met  by  the  whole  data  aquisition 
chain,  especially  by  the  filters  in  the  the  RF  and  IF  electro¬ 
nics.  We  assume  that  bandpass  filters  not  designed  accor¬ 
ding  to  this  requirement  prevented  us  so  far  from  a  suc¬ 
cessful  demonstration  of  this  method  with  Seasat  data. 
However,  the  theoretical  performance  of  this  method  Is 
carrier  frequency  independent. 
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Figure  1:  Average  of  1000  Seasat  range  power  spectra. 
Note  the  still  high  amount  of  speckle  noise. 


3.  Methods  based  on  Range  Migration  Measurements 

Another  phenomenon  caused  by  relative  sensor/target 
motion  is  the  range  migration,  i.e.  the  variation  of  the  slant 
range  r(t)  of  a  target  passing  through  the  antenna  beam. 
The  linear  range  migration  is  proporfionai  to  the  unknown 
absoiute  Doppler  frequency  foe  and  is  not  subject  to  PRF 
undersampling.  Thus  the  slope  of  the  target  trace  in  azi¬ 
muth  direction  is  a  measure  for  fpc  (Fig.  2a): 

dr(t)  -I 

(j(  -  =  *3na  (2) 

With  r(t)  given  in  units  of  echo  time  and  9  being  the  radar 
carrier  frequency  The  siope  can  be  determined  in  three 
different  ways: 

The  Look  Correlation  Technique 

As  mentioned  by  [Luscombe,  1982]  and  shown  by 
[Gumming,  1986]  the  amount  of  range  walk  can  be  measu¬ 
red  by  crosscorrelating  the  two  outer  looks.  This  method 
works  best  on  scenes  with  high  contrast.  Since  range  walk 
depends  on  both  range  migration  and  antenna  integration 
time,  the  accuracy  of  the  look  correlation  technique  is  pro¬ 
portional  to  /I’  . 


2D-Spectrum  Analysis 

The  slope  of  the  azimuth  trace  corresponds  to  a  skew  of  Its 
two-dimensional  power  spectrum  (see  Fig.  2b).  The  Doppler 
frequency  foe  can  be  determined  by  calculating  the  Inclina¬ 
tion  of  the  principal  axis  of  the  spectrum.  Since  only  the 
range  migration  and  not  the  antenna  Integration  time  de¬ 
termines  the  sensitivity  of  this  method  Its  accuracy  is  pro¬ 
portional  to  the  radar  wavelength  X. 

2D-Autocorrelatlon  Method 

The  time  domain  counterpart  to  the  preceeding  method 
exploits  the  fact  that  the  two  dimensional  autocorrelation 
function  (ACF)  of  the  azimuth  chirp  trace  is  also  skewed 
proportional  to  the  range  migration  (Fig.  2c).  A  measure  of 
the  skewing  Is  the  offset  A  shown  In  Fig.  3.  In  order  to 
measure  A  it  Is  sufficient  to  calculate  the  2-D  ACF  only  for 
an  azimuth  lag  of  one  sample.  This  single  column  of  the  2-D 
ACF  can  be  computed  by  crosscorrelating  each  range  line 
with  the  consecutive  one  and  complex  summation  of  the 
results.  These  individual  crosscorrelations  can  be  efficient¬ 
ly  carried  out  In  frequency  domain.  This  allows  a  combina¬ 
tion  of  this  Ambiguity  Resolving  technique  with  the  range 
compression  task.  It  should  be  noted  that  the  amount  of  the 
shift  A  for  an  foe  which  equals  the  PRF  is  only  the  reciprocal 
of  the  radar  carrier  frequency.  The  accuracy  which  can  be 
gained  by  the  2-D  ACF  method  is  proportional  to  .i. 


4.  Use  of  a  Multifrequency  SAR 

In  a  multifrequency  SAR  experiment  like  the  SIR-C  Radar 
Lab  the  lower  frequency  channels  (L-  and  C-band)  may  be 
used  to  resolve  the  Doppler  ambiguity  in  the  X-band.  Due 
to  the  different  antenna  opening  angles  one  PRF  band  in 
the  L-channel  (1,256  GHz)  corresponds  to  4,24  PRF  bands 
in  the  C-channel  (5,36  GHz)  and  to  7,68  PRF  bands  in  the 
X-channel  (9.6  GHz).  Therefore,  a  Doppler  Centroid  mea¬ 
surement  in  a  lower  frequency  band  can  be  used  to  deter¬ 
mine  the  correct  PRF  band  in  the  higher  frequency  chan¬ 
nel.  This  method  requires  the  knowledge  of  a  possible  azi¬ 
muth  misalignment  of  the  three  antennas  with  respect  to 
each  other.  Such  a  misalignment  can  be  measured  by  a 
geometric  comparison  between  the  processed  images  of 
the  same  scene  from  different  radar  channels. 


5.  The  Tiepointing  Method 

The  use  of  a  wrong  PRF  band  in  the  geolocation  process 
results  in  a  misregistration  of  the  image  pixels  by  an  inte¬ 
ger  multiple  of  the  antenna  azimuth  footprint.  By  matching 
the  tiepoints  between  a  map  and  the  SAR  image  pixels  the 
Doppler  ambiguity  number  can  be  directly  obtained.  Re¬ 
member  that  this  somewhat  time  consuming  process  has 
to  be  carried  out  only  once  per  data  take.  The  accuracy  of 
this  method  is  propoHional  to  A. 


6.  Conclusion 


It  was  shown  that  several  different  techniques  are  appli¬ 
cable  for  PRF  Ambiguity  Resolving.  Each  of  them  has  its 
own  merrits  and  drawbacks.  Since  the  Doppler  Ambiguity 
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problem  arises  mainly  In  high  frequency  radars,  a  compa¬ 
rison  of  the  different  algorithms  with  respect  to  their  wave¬ 
length  dependence  is  of  interest. 

We  found  that  only  the  technique  which  uses  the  Doppler 
shift  of  the  range  spectrum  is  independant  of  the  carrier 
frequency.  Aii  other  methods,  especiaily  the  iook  correia- 
tion  technique,  lose  accuracy  with  increasing  radar  fre¬ 
quency.  The  tiepointing  method  and  the  look  correlation 
technique  work  on  detected  SAR  images  and  hence  require 
a  good  scene  contrast.  The  other  raw  data  based  methods 
work  best  with  homogeneous  scenes  like  sea  surfaces.  We 
want  to  emphazise  that  a  reilabie  Doppler  Tracker  Is  indis¬ 
pensable  since  an  Ambiguity  Resolver  can  only  provide  a 


single  ambiguity  number  for  a  scene  or  a  whole  data  take. 
The  summary  of  different  methods  provided  in  this  paper 
is  intended  to  be  a  base  for  further  detailed  theoretical  and 
experimental  Investigations  towards  an  operational  PRF 
Ambiguity  Resolver. 


7.  Acknowledgement 

The  authors  like  to  thank  James  Weymes  of  Sherrington's 
Software  Services  for  the  excellent  programming  job 


range 


az 


a) 


range 


az 


*  range 


baseband 


range  lag 


nr 

) 

a 

jr 

) 

*  range 


Figure  2:  Azimuth  chirp  trace  (a),  two  dimensional  power 
spectrum  (b),  and  autocorrelation  function  (c)  for  fee  =  0 
(left)  and  fee  <0  (right).  Slope  angle  a  is  exaggerated  for 
illustration. 
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Figure  3:  Detailed  sketch  of  autocorrelation  (unction  of  SAR 
data  with  linear  range  migration. 
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Abstract 

The  purpose  of  this  paper  is  to  describe  the  theory  and  implementation  of 
three  different  Doppler  centroid  estimation  methods  and  to  present  the 
first  results.of  currently  performed  quantitative  investigations. 

The  Doppler  centroid  shift  caused  by  the  relative  velocity  between  the 
sensor  platform  and  the  targets  is  derived  by  analysing  the  received  SAR 
data.  In  contrast  to  the  conventionally  used  AE-method  (also  called 
‘energy  balancing'),  which  is  a  frequency  approach,  the  two  other 
methods,  the  Correlation  Doppler  Estimator  (CDE)  and  the  Sign  Doppler 
Estimator  (SDE),  are  both  performed  in  the  time  domain. 

Keywords:  Doppler  centroid  estimation,  ERS-1,  Intelligent  SAR 
Processor 

Introduction 

The  quality  of  a  processed  SAR  image  strongly  depends  on  the  accuracy 
of  the  estimation  of  the  expected  phase  histories  of  the  illuminated 
targets.  Estimation  errors  lead  to  errors  in  the  generation  of  the  azimuth 
processing  matched  filter  and  thus  to  a  degradation  of  image  quality. 
More  precisely,  particularly  a  linear  phase  term  estimation  error  (i.e. 
Doppler  centroid  error)  leads  to  a  significant  degradation  of  the 
signal-to-noise  ratio,  the  signal-to-azimuth  ambiguity  level  and  to  an 
azimuth  shift  of  the  pixel  location  (Chang  et  al.,  1988).  In  general,  the 
Doppler  centroid  estimation  must  be  accurate  enough  to  meet  specific 
SAR  image  quality  requirements. 

As  the  sensor  ephemeris  data  and  sensor  attitude  data  are  not  sufficiently 
precise  to  provide  accurate  Doppler  centroid  estimation,  the  Doppler 
information  has  to  be  derived  by  analysing  the  coherent  radar  return. 

Within  the  scope  of  the  ERS-1  ground  segment  project,  DLR  (German 
Aerospace  Research  Establishment)  is  going  to  develop  an  Intelligent 
SAR  (ISAR)  processor.  Specifically,  in  this  German  ISAR  processor,  as  it 
is  designed  as  an  operational  processor,  an  automatic  method  for 
estimating  the  Doppler  centroid,  using  the  radar  echo  return,  must  be 
employed.  This  automatic  module  also  has  to  fit  the  three  basic 
requirements  of  the  overal  ISAR  processor  system  well,  i.e.  ‘high  quality', 
'high  throughput'  and  ‘high  flexibility'.  These  three  'major  operational 
requirements'  lead  to  some  specific  requirements  due  to  the  Doppler 
centroid  estimation. 

High  quality  images  can  only  be  achieved  if  the  azimuth  reference 
function  IS  a  precise  matched  filter  of  the  radar  echo  return  and  the 
azimuth  reference  function  is  updated  frequently  enough,  both  in  range 
and  azimuth  dimensions.  In  order  to  perform  SAR  processing  within  a 
minimum  time  span,  the  Doppler  centroid  estimation  must  also  be 
performed  within  the  shortest  possible  duration.  Thirdly,  the  processing 


of  radar  echo  data  from  various  sensor  types  acquired  over  different 
terrain  types  must  be  possible. 

In  a  first  step  toward  the  selection  of  an  appropriate  algorithm,  three 
different  Doppler  centroid  estimation  methods  have  been  implemented. 
The  algorithms  were  taken  from  (Madsen.  1986)  but  have  been  adapted 
to  the  specific  usage  within  the  ISAR  processor.  In  addition,  these 
prototypes  have  been  wntten  using  the  programming  language  ADA.  in 
order  to  obtain  initial  experience  in  the  language  in  which  the  whole 
ISAR  processor  will  be  built  up  around. 

At  the  moment,  first  investigations  are  being  performed  using  only 
simulated  ERS-1  point  targets  and  some  SEASAT  scenes.  The  ISAR  raw 
data  simulator  was  used  to  generate  ERS-1  sensor  related  raw  data  from 
single  and  multiple  point  urgets.  All  simulations  were  based  on  the 
ERS-1  3  day  reference  orbit,  assuming  nominal  operation  (yaw-steering) 
mode.  For  a  final  assessment,  the  algorithms  have  still  to  be  tested  on  a 
greater  number  of  SEASAT  scenes. 

In  the  following,  the  implemented  Doppler  centroid  estimation  algorithm 
will  be  described  and  subsequent  first  results  of  the  investigations  will  be 
presented. 

The  AE-Algorlthm 

The  AE-algorithm  is  a  well  known  frequency  domain  approach,  which 
has  already  been  described  by  (Coriander  et  al.,  1982),  by  (Li  et  al., 
1985)  and  by  (Madsen,  1986). 

The  algorithm  makes  use  of  one  of  the  basic  SAR  properties  in  azimuth 
dimension,  that  the  frequency  at  beam  centre,  the  Doppler  centroid, 
corresponds  to  the  maximum  power  of  the  antenna  azimuth  pattern  in  the 
frequency  domain. 

To  detect  this  frequency  which  corresponds  to  the  maximum  power,  the 
discrete  azimuth  signal  ai,  at  a  specific  range  r,  is  transformed  in  the 
frequency  domain  via  a  Discrete  Fourier  Transformation 

'''  (  N^)  °  'XP  h  ^  "  =  O'  ' . N.  -  1  : 

Ni  number  of  azimuth  samples 
T  pulse  repetition  interval 

and  the  periodogram  Pr  of  the  spectrum  is  calculated. 


-.(i?)- !*.(*) I’: 
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Figure  1  sho»^  (he  szimuth  periodogram  of  1 1  simulated  point  targets. 
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Figure  1:  Periodogram  of  11  simulated  point  targets 

For  reducing  (he  vanance  to  mean  square  ratio  of  the  periodogram,  the 
accumulated  periodogram  P<c  for  several  azimuth  periodograms  at  range 
n  ^  r  ^  r»is  calculated  (Figure  2). 


Ni  number  of  accumulated  azimuth  periodograms 
n  louer  range  falue  boundary 

ru  upper  range  value  boundary 


Figure  2:  Accumulated  power  spectrum  of  1 1  simulated  point  targets 
(Nf  =  10) 

This  accumulated  periodogram  is  now  considered  as  a  function,  where 
the  slowly  varying  antenna  pattern  function  is  multiplicatively 
superimposed  by  the  amount  of  high  frequent  target  backscatter 
information.  Thus  m  addition  to  (he  Madsen  approach,  an  appropriate 

ivn  imCi  u  ap^ii€u  lO  iiiv  abCuiiiUiaibu  « atv  ivdwiv 

low-pass  filtering  is  a  modified  azimuth  periodogram,  where  the  high 
frequencies,  corresponding  to  the  target  information,  are  discarded  and 
almost  only  the  slowly  varying  antenna  pattern  function  remains 
(Figure  3). 


}  axc*M  ^ 


Figure  3:  Accumulated  power  spectrum  of  1 1  simulated  point  targets  after 
low-pass  filtering 

The  frequency,  corresponding  to  the  maximum  power  of  this  modified 
azimuth  periodogram  and  therefore,  the  Doppler  centroid  frequency 
(modulo  fr«f),  is  related  to  the  bin  belonging  to  the  curve  maximum  of 
Figure  3.  The  usual  energy  comparison  (Madsen,  1986)  is  unnecessary  if 
an  appropriate  low-pass  filter  is  applied  to  smooth  the  periodogram. 

The  CDE-Algorithm 

Although  the  CDE-algorithm  takes  place  in  the  time  domain  of  the 
azimuth  signal,  the  approach  is  quite  similar  to  the  AE-method.  In 
constrast  to  the  frequency  domain  algorithm,  the  respective  processing 
steps  are  performed  using  the  corresponding  time  domain  equations. 

The  shift  of  the  periodogram  of  the  azimuth  signal,  due  to  the  Doppler 
centroid,  is  hereby  measured  by  calculating  the  phase  shift  of  the 
corresponding  time  domain  function. 

First  the  autocorrelation  function  Rt,  of  the  discrete  azimuth  signal  iiat  a 
specific  range  r,  is  calculated 
Ni-1 

Rr(kT)  =  Z  ar((k  +  i)T)-at(iT)  : 
i»0 

Na  number  of  azimuth  samples 
T  pulse  repetition  interval 

Rr  corresponds  to  the  azimuth  periodogram  Pi  via  the  D.screte  Fourier 
Transformation. 


R.(kT)o-^|A,(^)  r=R(^)  : 

Analogous  to  the  AE-Algorithm,  several  autocorrelation  functions  at 
range  values  n  ^  r  ^  ru  are  summed, 
ru 

Rac  (kT)  =  •;7  Z  R.(kT)  : 

iNl  tan 


Ni  number  of  range  values 

n  lower  range  value  boundary 

ru  upper  range  value  boundary 

From  the  so  called  shitting  property  ot  tne  Fourier  Transformation,  it  is 
known  that  the  inverse  Fourier  Transformation  of  a  shifted  periodogram 
IS  simply  the  autocorrelation  function  of  the  unshifted  funcuon,  multiplied 
by  an  exponential  factor,  having  a  linear  phase  (Gaskill,  1978). 


('^) -exp  [ J 
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Thus  the  phase  difference  between  the  autocorrelation  function  Rie  and 
the  norinal  (aero-DoppIer)  autocorrelation  function  Rois  proportional  to 
the  Doppler  shift. 

As  the  SAR  azimuth  signal  is  sampled  with  a  rate  which  is  not  much 
higher  than  the  Nyquist  rate,  the  phases  of  the  respective  autocorrelation 
functions  are  calculated  at  the  correlation  coefficient  j  s  i,  to  get  a  high 
unambiguous  Doppler  range  (r.iodulo  PRF).  After  calculating  the  phase 
difference  Aarg, 

Aarg  =  arg  {Rtc(T)}  -  arg  {R.(T))  ; 
the  Doppler  Centroid  estimation  value  is  then  given  by 

“  fr^  ■  ±n-fr«r.  n  =  0,  ±  1,  ±2,  ...  ; 

’•2trT  ■* 

Note  that  the  selection  of  the  correlation  coefficient  j  =  1  corresponds  to 
the  first  harmonic  of  the  azimuth  periodogram.  Thus,  comparing  the 
phases  at  ]  =  1  Is  analogous  to  the  use  of  a  very  restrictive  low-pass  filter 
in  the  frequency  domain  approach.  Figure  4  shows  the  first  harmonic  of 
Figure  3.  which  corresponds  to  the  correlation  coefficient  of  Ricat  j  =  1. 


Figure  4:  First  harmonic  of  11  simulated  point  targets 


The  SDE-Algorithm 

Just  as  the  CDE-Algorithm,  so  the  SDE-Algorithm  also  uses  correlation 
coefficients  to  estimate  the  Doppler  centroid. 

The  difference  between  both  methods  is  only  the  way  in  which  the 
autocorrelation  function  Ru  is  calculated.  While  the  CDE-  algorithm  uses 
the  well-known  standard  equation  for  the  calculation  of  the  auto¬ 
correlation  function  of  the  azimuth  signal,'  the  basic  idea  of  the 
SDE-Method  is  to  use  the  so  called  'Arcsine  Law'  of  Gaussian  processes 
(Papoulis,  1965)  to  calculate  the  autocorrelation  function. 

The  central  statement  of  the  Arcsine  law  is,  that  if  the  real  part  and  the 
imaginary  part  of  a  complex  digital  signal  are  nearly  Gaussian  processes 
(which  is  fulfilled  for  SAR  azimuth  signals),  the  autocorrelation  function 
can  be  calculated  only  by  examining  their  signs. 

Results 

The  first  investigations  of  the  Doppler  centroid  estimation  algorithm  were 
performed  using  only  simulated  ERS-1  point  Urgets.  As  expected  all 
three  different  methods  yield  the  exact  frequency,  which  has  been 
computed  by  the  ERS-1  simulator.  The  results  varied  only  by  O.lHz 
around  the  exact  Doppler  frequency.  After  these  tesB  performed  on 


idealised  SAR  data,  the  algorithms  were  applied  to  the  well  known 
SEASAT  'Goldstone  scene'.  The  results  are  shown  in  Figure  5.  The  solid 
curve  represents  the  accumulated  and  low-pass  filtered  azimuth 
periodogram,  calculated  by  the  AE-algorithm.  The  broken  curve  depicts 
the  azimuth  periodogram  which  corresponds,  via  the  Fourier 
Transformation,  to  the  correlation  coefficient  of  the  autocorrelation 
function,  calculated  by  the  CDE-  and  SDE-algorithms. 


Figure  5:  Azimuth  periodograms  calculated  from  the  Goldstone  scene 


The  difference  between  the  frequency  corresponding  to  the  peak  of  the 
solid  curve  and  the  frequency  corresponding  to  the  peak  of  the  broken 
curve  is  approximately  25  Hz.  The  comparison  of  the  estimation  results  to 
the  Doppler  centroid  frequency,  which  has  been  computed  by  the  OSAR 
(Generalized  Synthetic  Aperture  Radar  Processor,  developed  by 
MacDonald  Dettwiler  and  Associates  Ltd),  has  shown  that  the  frequency 
corresponding  to  the  solid  peak  curve  is  in  agreement  with  the  frequency 
calculated  by  the  OSAR.  This  leads  to  the  preliminary  result  tlui  the 
Doppler  centroid  frequency  cannot  be  determined  sufficiently  precisely  if 
only  the  first  harmonic  of  the  azimuth  periodogram  is  examined. 

Subject  to  further  investigation,  the  Doppler  centroid  estimation  method 
used  for  the  German  ISAR  processor  should  be  based  on  the 
AE-algorithm,  using  an  appropriate  low-pass  filter. 
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ABSTRACT 

A  modular  digital  SAR  processor, 
exploiting  the  range-doppler  approach,  has 
been  developed  and  tested  both  on  real  and 
simulated  SAR  raw-data. 

The  processor  includes  modules  for  range 
migration  correction  and  Doppler  parameters 
estimation,  as  key  points  for  high  quality 
image  generation.  The  output  from  the 
processor  consists  of  a  complex  data  matrix, 
at  full  geometrical  resolution;  when  more 
radiometric  quality  is  required,  a  multi-look 
technique  allows  to  produce  detected  Images 
at  user  defined  resolutions. 

The  results  of  two  experiments  are  reported 
in  the  paper;  the  first  regards  the  "Doppler 
centroid"  estimation  based  on  a  non  standard 
use  of  the  "Clutterlock  Algorithm",  directly 
applied  on  sensor's  raw-data;  the  second  on 
the  Improvement  obtained  in  the  processor 
throughtput,  combining  the  performance  of  the 
Prime  Factor  Algorithm  (PFA)  with  the 
"overlap  &  save"  optimization  technique  for 
faster  convolutions. 

An  example  of  image  focalized  by  this 
processor  on  DEC-VAX  and  the  related  CPU  time 
are  reported  in  the  paper,  referring  to  SIR-B 
data  processing.  Potential  applications  of 
the  processor  are  also  considered,  referring 
to  the  operative  conditions  of  future 
spaceborne  SAR  missions. 

Key-words;  SAR-processor,  fast 
convolution,  Doppler  parameters  estimation. 


1.  INTRODUCTION 

The  growing  use  of  spaceborne  Synthetic 
Aperture  Radars  in  remote  sensing 
applications  Induced  the  development  of 
several  research  activities,  aimed  to  the 
study  of  interaction  between  ground  targets 
and  electromagnetic  wave  and  to  the 
Improvement  of  the  hw/sw  technologies  related 
to  the  whole  SAR  system.  In  this  context, 
the  studies  on  digital  processing  techniques 
for  the  SAR  image  focusing  and  on  computers 
architectures  suitable  for  this  kind  of 
processing  are  strictly  related  to  the 
operative  modes  of  the  sensor,  determining  at 
the  same  time  its  evolution. 


Owing  to  the  different  sensor's 
specifications  and  their  different  operative 
conditions,  a  flexible  raw-data  processing  is 
required  to  fastly  produce  high  quality 
images  and  several  efforts  are  needed  in  this 
field,  both  to  investigate  new  signal 
processing  algorithms  and  to  evaluate  the 
efficiency  of  new  computer  architecture's. 

The  Italian  Space  Agency  (ASI),  with  the.  aim 
to  develop  autonomous  know-how  in  this  field, 
promoted  the  growth  of  a  scientific 
cooperation  between  the  lESI-CNR  (Images  & 
Signal  Processing  Inst. -Bari),  the  DEE 
( Electrotechnic  fi  Electronic  Dept. -University 
of  Bari)  and  CGS  (Center  for  Spatial 
Geodesy-Matera ) . 

One  of  the  outputs  of  this  cooperation  was  a 
flexible  digital  SAR  processor,  allowing  to 
easily  manage  the  raw  data  produced  by  the 
future  remote  sensing  space  missions.  The 
processor  has  been  tested  on  SIR-B  raw  data 
provided  by  Jet  Propulsion  Laboratory 
( JPL-Pasadena)  and  on  simulated  data,  [1]. 

In  digital  SAR-processing  the  main 
computational  load  occurs  in  the  point  target 
responce  compression,  for  which  several 
techniques  can  be  used. 

To  have  a  precision  processing  and,  at  the 
same  time,  to  match  the  high  computational 
requirements,  the  range-doppler  approach  has 
been  in  our  development  preferred  to  the 
SPECAN  algorithm,  which  does  not  allow  to 
easily  perform  the  range  migration  correction 
in  the  frequency  domain,  and  to  the  "time 
domain"  approach  too,  due  to  the  high 
computational  load  involved. 

2.  SAR  SENSOR'S  CHARACTERISTICS 

The  Italian  Space  Agency  is  strongly 
involved  in  remote  sensing  activities  jointly 
with  ESA  and  DLR.  Two  missions  are  scheduled 
to  fly  in  the  next  future,  one  by  ERS-1 
satellite  and  one  by  Space  Shuttle.  During 
these  missions,  an  Active  Microwave 
Instrumentation  operating  in  C-band  as  a 
Synthetic  Aperture  Radar  (SAR)  also,  and  an 
X-band  SAR  will  be  respectively  used. 

Some  specifications  of  these  sensors  and  the 
related  mission  parameters  are  reported  in 
Tab.l,  compared  with  those  of  SIR  B.  A 
nominal  altitude  value  and  a  single  off-nadir 
angle  have  been  considered,  and  the  lengths 
of  the  azimuth  reference  function  have  been 
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X-SAR 

ERS-1 

SIR-B 

X-SAR 

ERS-1 

SIR-B 

scheduled  to  fly  on; 

1992 

1991 

1984 

look  angle  [deg] 

30 

23 

28 

nominal  altitude  [Km] 

230 

785 

230 

Fdo 

[Hz] 

12165 

6408 

954 

antenna  size  [m] 

12.1*0.33 

10*1 

10.7*2.2 

Fdr 

[Hz/s] 

-12974 

-2041 

-1789 

carrier  freq.  [MHz] 

9375 

5300 

1274 

Fdc 

[Kz] 

124-182 

172 

47 

pulse  length  [us] 

40 

37.1 

30.4 

Fdr 

[Hz/s] 

108 

2 

0.45 

"  bandwidth  [MHz] 

9.5/19 

15.55 

12 

azimuth 

update  of 

sampl.  freq.  [MHz] 

11.25/22.5 

18.96 

30.353 

Fdc 

[s] 

0.25-0.37 

10 

3.28 

quant,  [bits/sample] 

4I,4Q/61,6Q 

51, 5Q 

5 

Fdr 

[s] 

27 

/ 

3.50 

PRF  [Hz] 

1240-1820 

1720 

1539.8 

MFD 

[RLs] 

310-674 

17200 

5050 

attitude  rate  [deg/s] 

0.03 

0.0017 

0.03 

azimuth 

shift  [m] 

70-102 

300 

624 

reference  functions: 

range  update  of 

range  [samples] 

451-902 

705 

922 

Fdc 

[m] 

1000-1400 

4400 

13600 

■  azimuth  [  "  ] 

119-175 

1260 

1221 

Fdr 

[m] 

2400 

870 

256 

at  off-nadir  [deg] 

30 

23 

28 

MSD 

[ALs] 

75-108 

110 

25 

lab.l  Sensor  and  mission  parameters 


evaluated,  for  X-SAR,  according  to  the 
nin/max  values  of  PRFs. 

Due  td  the  attitudinal  rates  foreseen, 
changes  are  Induced  in  the  antenna  pointing 
and  the  doppler  parameters  must  be  updated  at 
a  proper  frequency,  both  in  the  along  track 
and  across  track  directions,  in  order  to 
guarantee  the  designed  image  quality 
specifications. 

The  update  rates  for  X-SAR  and  ERS-1, 
evaluated  referring  to  a  max  error  equal  to 
10%  of  PRF  for  doppler  centroid  and  equal  to 
1/T**2  for  doppler  rate,  are  reported  in 
Tab. 2.  The  requirements  used  are  tentative 
specifications  for  the  X-SAR  survey  image. 
At  the  operative  conditions  considered,  a 
maximum  frame  dimension  of  "MFO"  range  lines, 
according  to  the  FRF  used,  and  a  maximum 
subswath  dimension  of  "MSD"  azimuth  lines  can 
be  processed  using  the  same  reference 
function.  The  efficiency  in  the  azimuth 
processing  is  strictly  dependent  on  these 
parameters  and  on  the  azimuth  reference 
function  length,  so  non  standard  DFT 
techniques  for  fast  convolution  have  been 
explored  and  compared  with  the  traditional 
FFT  Cooley-Tuckey  algorithm.  As  we  will 
show,  the  Prime  Factor  Algorithm  is  most 
flexible  with  regard  the  sequence  lengths 
allowable  and  faster  than  CTA  on  sequential 
machine,  without  vector  proct -sor. 

3.  THROUGHPUT  IMPROVEMENT 

Several  fast  Discrete  Fourier  Transform 
algorithms  have  been  developed,  to  minimize 
the  number  of  multiplications  at  the  expense 
of  memory  accesses  and  control  complexity. 

To  improve  the  throughput  of  our  SAR 
processor,  the  Prime  Factor  Algorithm  (PFA) 
has  been  used  to  efficiently  compute  the 
convolution  operations.  Like  in  the 
traditional  Cooley-Tuckey  Aigoritm  (CTA),  L'ne 
efficiency  of  PFA  is  obtained  transforming 
the  one-dimensional  DFT  into  a 
multi-dimensional  one,  by  proper  mapping  of 
the  input  and  output  data  indices  [2,3]. 

The  efficiency  of  PFA  algorithm  comes  from 
.joining  the  Rader  results,  to  convert  DFT 
Into  circular  convolution  in  some  specific 
conditions,  with  the  Winograd  technique  for 


Tab. 2  Update  rates  (either 
across  or  along  track  direction) 

computing  short  convolutions  in  the  minimum 
number  of  multiplications. 

In  CTA  algorithm,  the  computation  of 
one-dimensional  transforms  on  N-length 
sequences,  so  that  N=R**m,  is  performed'  in 
m-stages,  each  composed  of  N/R  elementary 
modules  (butterflies),  involving  arithmetic 
operations  on  a  number  of  elements  equal  to 
the  radix  R  (generally  2  or  4).  Only  one  of 
these  butterflies  has  to  be  programmed. 

In  PFA  algorithm,  used  if  the  sequence 
lengths  can  be  expressed  as  a  product  of 
mutually  prime  factors  (N«n,  Mi),  the  DFT 
computation  is  made  in  a  number  of  stages 
equal  to  the  number  "m"  of  prime  factors.  At 
each  stage,  N/Ml  DFTs  of  order  equal  to  the 
factor  Ml  considered  can  be  computed 
independently.  Different  modules  need  to  be 
programmed,  one  for  each  Mi  factor,  using  the 
Rader  and  the  Winograd  algorithms. 

In  Tab. 3,  the  number  of  operations  required 
for  CTA  and  PFA  is  shown,  referring  to  nea-rly 
equal  sequence  lengths. 

On  sequential  machines,  without  vector 
processor,  PFA  is  about  30%  faster  than  CTA, 
due  to  the  time  saved  in  less  multiplications 
[4]. 


N 

factors 

PFA 

mult.  add. 

CTA 

mult.  add. 

252 

4*9*7 

1136  5952 

256 

2**8 

1800 

5895 

840 

16*9*7 

5704  29100 

1024 

2**10 

10248 

30728 

2048 

2**11 

23560 

68616 

2520 

8*9*7*5 

17660  82956 

Tab. 3  Number  of  operations  for  PFA 
and  Cooiey-Tukey  DFT  algotiUins 


Since  the  azimuth  line  (AL)  can  be  thought 
ideally  unlimited,  the  "overlap  &  save" 
technique  has  been  used  more  efficiently  to 
compute  the  convolution  operation  with  the 
azimuth  reference  function.  So  the  AL  can  be 
divided  in  a  number  of  overlapped  sections, 
constituting  overlapped  frames. 
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The  "overlap  &  save"  optimization  for  PFA 
algorithm,  in  the  case  of  infinite  sequence 
length,  has  been  derived  and  reported  in 
Tab. 4. 


Q 

PFA 

20t25 

120 

26t33 

144 

34<-60 

240 

61t74 

360 

75^191 

720 

192<-303 

1680 

304t376 

2520 

377*1200 

5040 

Tab. 4  Overlap  &  Save  optimization 
for  PFA  (infinite  sequence  length) 

For  each  reference  function  length  (Q),  the 
PFA  optimized  for  the  segmentation  has  been 
selected  according  to  the  minimum  number  of 
operations  per  useful  data  in  output. 

If  a  "multi-look"  technique  [5]  is  adopted 
for  the  azimuth  compression,  this  table  must 
be  used  taking  into  account  that  the  overlap 
margin  must  be  equal  to  the  length  of  the 
azimuth  reference  function,  divided  by  the 
number  of  Independent  "looks"  that  will  be 
processed  in  the  azimuth  compression,  minus 
one.  It  should  be  noted  that,  for  a  4-looks 
processing,  _  the  optimization  in  the 
convolution  ‘computation  is  compatible  with 
the  updating  frequency  of  the  doppler 
parameters  reported  in  Tab. 2,  also  in  the 
critical  case  of  X-SAR  sensor. 

In  the  case  of  the  range  compression,  the 
same  optimization  technique  can  be  exploited, 
'eferrlnq  to  the  finite  length  of  RLs. 

The  results  for  equal  length  sectioning  and 
for  the  whole  set  of  the  RLs  available  for 
X-SAR,  in  the  coarse  resolution  mode  (1),  are 
reported  in  [6].  The  values  have  been 
evaluated  dividing  each  RL  length  in  a  number 
Df  overlapped  sections,  as  a  function  of  the 
possible  PFA  lengths,  then  minimizing  the 
global  number  of  arithmetic  operations  per 
useful  data  in  output. 

For  the  fine  resolution  mode,  similar  tables 
must  be  evaluated  considering  the  relative 
reference  function  length. 

A  further  improvement  can  be  achieved  in 
several  cases,  if  the  last  data  segment  is 
only  partially  filled,  using  for  it  the  PFA 
length  immediately  smaller,  when  this  is 
possible. 

4.  DIGITAL  SAR  PROCESSOR  DESCRIPTION 

The  flow  diagram  of  our  digital  SAR 
processor  is  shown  in  Flg.l. 

For  the  range  and  azimuth  compressions,  the 
"matching  filter"  technique  in  the  frequency 
domain  was  adopted. 

To  compute  the  Discrete  Fourier  Transform, 
the  Prime  Factor  Algorithm,  recently 
introduced  instead  of  the  usual  Cooley-Tuckey 
FFT  algorithm,  and  the  "overlap  S  save" 


(1)  In  the  coarse  resolution  mode  the  X-SAR 
operates  with  the  chirp  band  of  9.5  MHz  and 
the  sampling  frequency  of  11.25  MHz, 


Flg.l  SAR  processor  block  diagram 


optimization  technique  allowed  to  save  about 
40%  in  the  processing  time. 

In’  the  following,  the  principal 
characteristics  of  each  software  module 
developed  are  described. 

4.1  Raw-Data  Deformatting 

In  order  to  avoid  the  corner  turning 
operation  at  different  phases  of  processing, 
i.e.  each  time  the  data  matrix  access  is 
changed  from  range  to  azimuth  directions  and 
viceversa,  the  raw  data  files,  obtained  from 
CCT  format,  are  organized  so  that  each  record 
contains  a  subframe  of  original  data. 

When  the  input  data  are  real,  the  conversion 
to  a  complex  signal  (analytic  transform)  and 
the  resampling  can  be  performed.  Moreover, 
the  demodulation  to  base  band  of  the  complex 
signal,  along  the  range  direction,  is 
achieved  in  this  phase  by  a  frequency  shift 
performed  in  the  time  domain.  At  this  point 

O  000X11(0  00(1  UO  0X00 

4.2  Geometrical  Model 

The  sensor  and  mission  parameters  obtained 
from  the  header  are  Introduced  in  an  accurate 
geometrical  model  to  determine  the  nominal 
values  of  all  parameters  required  for  the 
processing. 
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4.3  Doppler  Centroid  Estimation 


4.4  Azimuth  Demodulation  and  Decimation 


The  Doppler  Centroids  are  determined  by  the 
"Clutterlock  procedure",  as  a 

cross-correlation  between  the  azimuth  line 
and  the  theoretic  pattern  of  antenna,  [7,8]. 
It  should  be  noted  that,  in  our  approach, 
this  procedure  has  been  tested  not  only  on 
the  range  compressed  data,  but  also  directly 
on  the  raw-data  since  the  backsoattered 
energy  is  better  distributed  on  the  antenna 
pattern  before  any  type  of  data  focusing. 
The  results  obtained  in  these  two  cases  are 
shown  in  Fig. 2  and  3,  where  the  Fdc 

behaviour,  as  evaluated  for  each  azimuth 
line,  is  reported.  The  fit  to  the 

experimental  values  gives  the  Fdc  linear 
behaviour  between  near  and  far  range. 

Due  to  the  lower  noise  level  found  in  the 
Clutterlock  output,  when  applied  directly  on 
the  raw-data,  the  first  approach  was 
oxtensively-  adopted  in  our  SAR  processor 
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Optionally,  also  in  the  azimuth  direction  a 
demodulation  to  base  band,  followed  by 
decimation,  can  be  performed  to  reduce  the 
data  set  dimension  to  be  processed. 

4.5  Range  Compression 

The  reference  function  (matching  filter)  is 
properly  generated  by  the  informations 
deduced  from  the  raw-data's  header. 

A  complex  chirp  is  used  and  the  sidelobe 
reduction  is  obtained  by  a  symmetric 
weighting,  using  a  raised  (0,3)  cosine 
squared  function. 

4.6  Autofocus  Procedure 

Substantially  the  algorithm  is  based  on  a 
cross-correlation  between  two  "partial 
looks".  These  are  obtained  compressing  a 
properly  selected  azimuth  line  with  two 
partial  reference  functions,  [7]. 

The  algorithm's  basic  idea  is  the  following: 
when  the  right  value  of  Fdr  is  used,  only  a 
relative  time  shift  is  generated  between  the 
outputs  of  the  partial  looks,  so  that,  if 
these  are  now  cross-correlated,  the 
correlation  peak  will  appear  in  the  position 
of  the  first  sequence's  sample.  On  the 
contrary  if  an  Improper  Fdr  value  is  used,  an 
additional  displacement  between  the  partial 
looks  will  be  produced  so,  the  correlation 
peak  will  appear  displaced  with  respect  to 
the  first  sample. 

The  optimal  rate  is  searched  by  an  iterative 
procedure  starting  from  the  nominal  Doppler 
parameters. 


Azimuth  lines 


4.7  Range  Migration  Correction  (RHC) 


Fig. 2  Result  of  Clutterlock  applied 
on  raw-data;  the  standard  deviation 
of  difference  between  the  fitted  and 
experimental  values  is  also  reported 


Azimuth  lines 

Fig. 3  Result  of  Clutterlock  applied 
after  range  compression:  the  standard 
deviation  of  difference  between  the 
fitted  and  experimental  values  is  also 
reported 


The  RMC  operation  is  made  by  a  proper  shift 
in  the  range  direction  for  each  frequency 
component  of  the  azimuth  lines.  The  shifts 
are  determined,  for  each  frequency,  depending 
on  its  position  in  the  spectrum  and  on  the 
behaviour  of  the  radar-target  distance  along 
the  swath..  The  RMC  algorithm  is  strictly 
dependent  on  the  accuracy  with  which  the 
Doppler  parameters  are  determined.  As  known, 
the  range  migration  is  composed  by  a  linear 
component  ( Range  Walk ) ,  depending  on  the 
Doppler  Centroid,  and  by  a  quadratic 
component  (Range  Curvature),  depending  on  the 
Doppler  Rate. 

In  order  to  correct  at  the  same  time  these 
two  effects,  the  range  migration  correction 
algorithm  has  been  performed  in  the  frequency 
domain  [9],  as  it  is  faster  than  the  time 
domain  algorithm. 

In  fact,  in  the  frequency  domain,  the 
correction  is  made  simultaneously  for  all  the 
points  belonging  to  the  same  azimuth  line. 
An  high  quality  image  is  achieved  by  the 
cubic  splines  data  interpolation  in  the  range 
direction. 

At  this  point,  if  the  signal  is  not  in  base 
band,  a  demodulation  in  the  frequency  domain 
is  performed.  This  operation,  made  at  this 
stage  of  the  processing,  simplifies  the 
addressing  of  the  samples  to  be  shifted. 
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4.0  Azimuth  Compression 

The  compression  in  the  azimuth  direction  can 
be  performed  updating,  at  each  azimuth  line, 
the  Doppler  parameters  used  in  the  reference 
chirp.  The  window  used  is  a  raised  (0.3) 
cosine  squared  function. 

Independent  images  of  the  same  scene  (looks) 
are  produced  by  processing  subapertures  of 
the  whole  synthetic  antenna.  Then  the 
multilook-image  is  produced  by  incoherently 
adding  different  views  of  the  scene  so 
obtained  [10]. 

In  this  way,  the  geometrical  resolution  is 
lower  but  an  higher  radiometric  resolution 
can  be  achieved,  duo  to  the  speckle 
reduction. 

A  full-resolution  complex  image  (bulk  image) 
can  be  also  produced  for  non  standard 
applications. 

An  example  of  SIR-B  image,  focused  by  our  SAR 
pr^'-essor  ,is  shown  In  Fig. 4. 


Fig. 4  SIR-B  image  of  Mt. Shasta  (CR) 

4.9  Quality  Measurements 

To  evaluate  the  image  quality,  suitable 
algorithms  characterizing  both  point  and 
extended  targets  have  been  developed.  They 
>’low  to  measure  geometrical  resolutions 

XSLR  (Integrated  Side  Lobe  Ratio),  PSLR  (Peak 
Side  Lobe  R'atio)  on  the  point-targets  and  the 
radiometric  resolution  (Rrad)  on  the 
distributed  one. 

The  results  obtained  both  on  full  resolution 
and  multilook  images  are  reported  in  Tab. 5. 
Due  to  the  absence  of  very  shining  point 
targets  in  the  SIR-B  image  considered,  the 
geometrical  resolutions,  in  slant  range  (Rsr) 
and  azimuth  (Raz),  the  PSLRs  and  the  two 
dimensional  ISRL  have  been  calculated  on 


N.of 

Xoo!v 

Rsr 

r^i 

i‘“j 

Raz 

r.Mi 

l“'J 

PSLR 

[dC] 

Ra/Az 

ISLR 

f 

J 

Rrad 
r  Av>^ 

1^4^  J 

N=1 

14.94 

6.37 

27.6/28.1 

15.7 

2.98 

N=4 

14.98 

25.57 

27.4/27.7 

15.5 

1.87 

Tab. 5  Results  of  Quality  measucemnets. 


SIR-B  simulated  data.  Considering  the 
weighting  used  for  the  sidelobe  reduction, 
the  results  obtained  ate  in  agreement  with 
the  expected  values  [5,10]. 

5.  CONCLOSIONS 

A  modular  digital  SAR  processor,  allowing 
to  focus  raw-data  coming  from  different 
sensors,  has  been  developed. 

The  processor  was  tested  on  SIR-B  raw  data 
and  its  suitability  for  other  sensors  is 
currently  evaluated,  taking  into  account  the 
parameters  of  Tab. 2  and  optimal  sectioning 
rules. 

To  test  the  image  quality,  a  point  target 
response  simulator  has  been  developed.  The 
use  of  this  simulator  and  of  a  package  for 
the  quality  measurements  allowed  to  test  the 
functionality  of  the  processor. 

An  high  throughput  has  been  also  achieved  by 
using  the  PFA  algorithm  to  efficiently 
compute  the  convolution  operations  and  by 
means  a  proper  data  structure. 

To  focus  a  5040*1260  complex  data  matrix,  on 
a  VAX  11/780,  about  106  min  of  CPU  time  are 
needed.  A  version  of  the  processor  running 
on  a  microVAX  3600  is  also  available,  taking 
about  1/3  of  this  time  to  focus  the  same  data 
set,  with  I/O  time  less  than  10%  of  the  CPU 
time. 

Our  next  goal  is  to  further  increase  the 
processor  efficiency,  by  its  parallel 
implementation  on  a  multiprocessor  machine. 
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ABSTRACrr 

A  commonly  employed  SAR  processing  algorithm  is  (he  range/Doppier  in 
nhich  frequency  domain  range  correiallon  is  followed  b]  frequency 
domain  azimuth  correlation,  and  range  cell  migration  corrKtIon  is 
performed  in  the  range  time/azimuth  frequency  or  range/Doppler  domain. 
When  data  is  obtained  with  the  radar  antenna  squinted  away  from  zero 
Doppler,  tliis  algorithm  tends  to  broaden  the  Impulse  response  of  a 
compressed  point  target  in  the  range  direction.  The  broadening  is  caused 
by  a  reduced  lime  bandwidth  product  in  the  azimuth  FFT  of  a  point 
target  In  a  range  cell,  A  secondary  range  compression  (SRC)  algorithm. 
First  developed  by  Jbi  and  3Vu  at  JPL,  can  be  used  to  correct  for  the  range 
broadening. 

This  paper  analiies  the  factors  affecting  (he  accuracy  of  the  algorithm. 
Experiments  were  performed  on  simulated  C'.band  and  L.band  .satellite 
SAR  data  by  assunibig  a  squint  angle  of  about  <°.  Tlie  SRC  algorithm 
successfully  restored  Hie  resolution  to  an  acceptable  level. 

Keywords:  SAR  data  processing,  squint  processing,  Doppler  centroid, 
impulse  re.sponse  width. 


For  a  given  squint  angle,  the  broadening  Is  more  severe  for  a  longer  tnrget 
exposure  time  (such  as  L.band).  The  SRC  algorithm  Is  to  designed  to 
correct  for  this  broadening.  In  this  paper,  the  algoritlini  is  tested  for 
squint  angles  of  up  to  <°,  and  it  Is  found  that  the  algorithm’s  ability  to 
recover  the  lost  resolution  is  acceptable.  The  algorithm  is  now 
incorporated  in  tlie  MacDonald  Deltwiler  Generalized  SAR  processor. 

The  purpose  of  (his  paper  is  to  analyze  the  algorithm’s  sensitivity  with 
respect  to  various  parameters,  perform  experimenis  on  simulated  C'.band 
and  L-band  data  and  evaluate  tite  results. 


2.  THEORETICAL  BACKGROUND 

Tlie  SRC  is  a  range  filtering  operation  and  can  be  Incorporated  in  the 
range  compression  step  (range  domain)  or  range  cell  migration  correction 
step  (Doppler  domalnl.  While  the  Doppler  domain  SRC  provides  more 
control  over  errors,  the  range  domaui  SRC  Is  considerably  more  elBcient 
and  is  preferred.  For  (Us  reason,  error  sensitivities  of  tlie  range  domain 
SRC  are  investigated  here. 


1.  INTRODUCTION 

This  paper  investigates  an  SRC  algorithm  to  process  squinted  SAR  data. 
The  algorithm  was  First  developed  by  Jbi  and  Wu  (1),  and  extended  by 
Schmidt  f2|  who  investigated  nielliods  of  implementation  and  niulli-look 
processing. 

A  range  Doppler  algorithm  |3)  is  often  chosen  in  a  SAR  processor  because 
of  its  ability  to  compress  a  point  target  accurately,  and  because  it  can  be 
implemented  as  a  two  one.diniensional  matched  Filtering  process.  Tliis 
allows  elTlcienl  computer  Iniplenienlalion  (including  SRCl,  and  provides 
adequate  accuracy  control  over  key  operations  such  as  range  cell 
migration  correction  (RCMC).  Hie  Ijpical  processing  steps  are  range 
compression,  azimuth  FFT,  range  cell  migration  correction  and  iinally 
azimuth  compression. 

The  range/Doppler  algorithm  introduces  range  impulse  response 
broadening  in  processing  squinted  data.  Tlie  broadening  is  due  In  the  fact 
that  a  target  traverses  a  range  cell  in  a  shorter  time  for  a  higlier  squint, 
resulting  in  a  smaller  time  bandwidth  product  (TBP)  in  that  cell.  The 
principal  of  stationary  phase  which  is  assumed  to  be  valid  in  performing 
Hie  azimuth  FFT,  dues  not  hold  when  the  Till’  is  too  small,  Ijiiicall)  levs 
than  1.  Range  broadening  occurs  in  the  azimuth  FFT  as  a  result  of 
violating  Hie  principal  of  stationary  phase. 


In  the  range  domain  SRC  algorithm,  the  SRC  filter  can  be  cascaded  into 
the  range  compression  matched  Filler.  Because  the  SRC  Filler,  similar  In 
the  matched  niter,  is  also  linear  frequency  modulation  (FMI  encoded,  the 
cascading  of  these  two  Fillers  can  be  effected  by  a  combined  Filler  willi  FM 
rule  given  by  |2): 


(1) 


where  K^  is  the  range  chirp  FM  rate  and  Kj,.^  is  the  FM  rale  of  Hie  SRC 
Filler,  and  Kj,,^  is  given  by: 


R  1 

f—  1 

f( 

71^ ' 

1 

V  '•  'lo  ) 

1  1 
'  V 

(2) 


where  A  Is  the  radar  wavelenglli,  R  the  target  slant  range,  is  the  square 
of  the  relative  velocity  between  the  target  and  the  radar,  c  Hie  speed  of 
light,  and  i)^  the  azimulli  slow  time  of  Doppler  centroid  offset  from  zero 
Doppler.  Usually,  Kj,.^  »  K,.  so  that  K^  involves  a  relatively  small  FM 
rate  adjustment  to  the  range  matched  Fiber.  Typically  the  value  of  Kj,.^  is 
at  least  itdl  limes  that  of  K^  for  C'.band  and  30  limes  for  L.band.  For  a 
zero  sqi'Uil  angle  (i)^  =  0)  K^  is  the  same  as  K,.  as  anticipated. 
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Examples  of  (he  C-band  and  L-band  parameters  for  radar  satellites  are 
given  In  Table  1,  taken  from  ERS-1  and  SEASAT  respectively.  In  the  table, 
is  the  pulse  duration.  T,  is  the  maximum  processing  aperture  time  and 
Kj^  is  tlie  slant  range  swath  width.  These  parameters  wilt  be  used  in  the 
error  analysis  below. 


TABLE  1  C-BAND  AND  L-BAND  PARAMETERS 


Parameters 

c-band 

C-band 

X,  m 

0.0567 

0.235 

Kc  GHz/sec 

417.8 

562.0 

Tr,  y/sec 

37.1 

33.9 

v2,  Km2/sec2 

0.7 

2.0 

50.0 

50.0 

Bq/  Kro 

854 

877 

Bsw#  ^ 

40 

40 

3.  RANGE  IMPULSE  RESPONSE  WDTH  BROADENING 

An  error  in  lEquation  1)  will  lend  to  broaden  the  range  impulse 
response  width  (IRW).  An  experiment  was  performed  to  measure  the 
broadening  as  a  function  of  tlie  error  in  K^.  Tlie  broadening  was  measured 
and  was  observed  to  have  the  same  form  as  a  quadratic  phase  error  in  the 
matched  tillering  of  a  linear  FM  signal. 

Graph  (a)  In  Figure  1  shows  the  well  known  form  of  the  IRW  broadening  as 
a  function  of  the  quadratric  phase  error  1 at  the  ends  of  the  pulse 
duration  tT^/J.  The  phase  error  is  related  to  the  Kj  error  AK^  hy: 

=  (4» 

For  example^  the  graph  shows  (hat  for  a  broadening  of  less  than  5%.  1 6^ 
has  to  be  less  than  0.4n  rad.  The  graph,  togetlier  with  Equation  4.  can  be 
used  to  deduce  the  range  IRW  broadening  If  tlie  SRC  tiller  is  not  tuned 
propel  ly. 

Another  cause  of  broadening  is  that  the  SRC  niter  is  kept  constant  along  a 
target  trajectory.  Therefore,  even  though  A$  is  zero  at  the  Doppler 
centroid,  it  is  non-zero  at  other  points  along  the  trajectory.  Hence,  after 
azimuth  compression,  an  overall  range  IRW  broadening  occurs.  Tliis  cause 
of  broadening  is  discussed  further  in  the  next  section. 


4.  SENSITIVITY  ANALYSIS 

Two  types  of  errors  exist  in  applying  the  SRC  algorithm;  namely,  by 
holding  the  SRC  tiller  constant  along  a  target  trajectory,  and  by  holding  It 
constant  willUn  a  tiller  range  Invariance  region.  These  errors  do  exist  even 
in  the  absence  of  beam  squint,  and  lliey  increase  with  squint.  Tliey  arc 
discussed  separately  below. 


4.1  Constant  SRC  Filter  in  Azimuth  Time 

Ideally  the  SRC  filler  should  vary  along  the  target  trajectory  since  the 

azimuth  time  ri  changes  along  the  liajeclory.  Tliis  . . .  be  done  in  the 

Doppler  domain  where  the  algorithm  can  be  adjusted  for  each  Doppler 
value  or  look.  As  have  menlioned,  this  approach  is  considerably  less 
cfllcient  and  Is  not  considered  here. 


0  O.Zi:  0.4s  0.6s  0.8s  1.0s  1.2s 


QUADRATIC  PHASE  ERROR  AT  END  OF  PUuSE  DURATION,  RAD. 

FISURE  1  IRW  BROADENING  VERSUS  QUADRATIC  PHASE  ERROR 

In  Equation  2,  the  SRC  filler  is  evaluated  only  at  ihc.Doppler  centroid  and 
this  approximation  prevents  the  SRC  filler  from  recovering  the  full  range 
resolution.  An  interpretation  is  that  prior  to  azimuth  compression,  no 
broadening  of  range  impulse  response  occurs  Iprovided  that  the  SRC  filler 
is  correctly  computed)  at  the  trajectory  centre  and  the  broadening 
gradually  fans  out  to  either  end  of  the  processing  aperture.  The  broadening 
at  a  specific  trajectory  point  is  due  to  a  quadratic  phase  error.  From 
Equations  1.2  and  4,  it  can  be  shown  that  this  error,  AA'  (the  prime 
notation  is  used  here  to  disihiguish  it  from  a  similar  error  defiged  in  the 
next  subsection),  is  given  by; 


AA'  =  n 


2  (Kf  +  Rscc) 


f  X  R  r  c  12  I 

i— - ADc'  (5) 

lv2  tic  U  DeJ  •' 


where  is  (he  azimuih  lime  difTerence  belween  (he  poin(  and  i(s  Doppler 
centroid  t)^.  In  (he  above  ec|UB(ion  ll  Is  assumed  that  for  (lie  squint  an^sle 
considered*  Is  still  valid.  The  effect  of  azimuili  compression  is 

(0  Integrate  coherently  the  range  impulse  responses  over  the  processing 
apenure»  Urns  introducing  an  overall  range  IKW  broadening  in  the 
compressed  point  target. 

The  overall  broadening  was  simulated  by  assuming  the  range  impulse 
response  to  be  a  sine  function  with  an  azimuth  time  dependent  broadening 
factor  governed  by  the  quadratic  phase  error,  and  a  sinc^  antenna  pattern. 
The  processing  aperture  was  taken  to  be  within  the  ±3  dli  point  of  liie 
antenna  pattern.  Also,  (he  SRC  filter  was  computed  correctly  at  the 
trajectory  centre.  Graph  (a)  in  Figure  1  shows  the  broadening  at  the  end  of 
the  processing  aperture,  and  (his  has  the  same  form.as  FM  rate  error  In 
matched  nitering.  Graph  (b)  in  Figure  1  shows  the  overall  broadening  as  a 
function  of  the  quadratic  phase  error  at  either  end  of  the  processing 
aperture,  after  azimuth  compression  has  integrated  the  effects  of  the 
varying  amount  of  broadening  along  (he  target  trajectory. 
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For  cxampiti  uiing  Ihc  L>b(nd  pirimtlcrs  and  a  Doppler  centroid  or  14 
leCi  A4'  ii  O.Sil  rad  (At)^'=1  lec  in  Equation  5  since  sec),  giving  a 
range  broadening  of  tl  %  for  the  zero  squint  case.  Of  course,  tills  overall 
broadening  depends  upon  the  duration  of  tlie  processing  aperture  time  T^. 
A  similar  analysis  with  the  C-band  parameters  shows  that  the  overall 
broadening  is  negligible. 

For  a  zero  squint,  A^'  Is  O.Odit  rad  for  L-band  and  0.003r  rad  for  C-band. 
In  each  case  the  overall  broadening  is  negligible. 


4.2  Constant  .SRC  Filler  in  Invariance  Region 

Equations  1  and  2  show  that  the  combined  range  matched  filler  FM  rate 
it  a  function  of  slant  range  R,  relative  velocity  squared  V^,  Doppler 
centroid  t)^  and  range  chirp  FM  rale  An  error  in  each,  except  K,.,  is 
introduced  by  the  use  of  an  SRC  filler  invariance  region.  In  this  region  the 
SRC  filler  is  kept  constant  within  this  region  for  compulalinn.'il  efTiciency 
purposes,  whereat  R,  and  all  vary  with  range. 

Again,  from  Equations  1,2  and  4,  it  can  be  shown  that; 
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This  is  the  key  equation  to  determine  the  expected  range  IR  W  broadening, 
as  a  function  of  At.  due  to  squint  for  given  errors  in  R.  and 

Table  2  shows  the  relative  contributions  of  these  errors  to  At  for  the  given 
C-band  and  L-band  parameters,  and  at  a  squint  angle  of  6°,  In  the  table, 
the  value  of  Kj,.^  is  assumed  to  be  constant  across  the  entire  slant  range 
swath  width  of  20  km,  so  that  AR  is  20  km.  The  value  of  is  assumed  to 
vary  by  at  most  0.4%  from  near  range  to  far  range,  so  llial  AV^  is  0.2%  of 
V^.  This  is  increased  to  0.5%  by  including  orbit  data  errors  in  computing 
the  value  of  V^.  Finally,  for  a  squint  angle  of  <°,  Aq^  is  0.3  sec  at  the  swath 
edge.  The  table  shows  that  the  contribution  to  A^  by  AV^  is  relatively 
insignificani,  and  that  by  Aq^  is  most  signihcanl  of  llie  three.  Ilnwever,  the 
broadening  caused  by  these  errors  for  the  L.-band  case  is  small  compared  to 
llial  due  to  A^'  (discussed  in  the  last  subsection).  Also,  the  broadening  for 
the  C-band  case  is  insigniricanl. 


TABU  2  OOinWlBimONS  TO  os  DUE  TO  SRC  riLTER  TARAHnER 
ERRORS  AT  6*  SOUItff 


Contribution 

C-Band 

L-Band 

bcf  MC 

17 

14 

Of  (6ft«20  kn),  rad 

0.03  A 

0.12  A 

Of  (6v2*0.25  knVsec^)*  rad 

0.01  A 

0.05  A 

Af  (Ar^-0.3  cec),  rad 

0.05  A 

0.23  a 

Total  Afg  rad 

0.09  A 

0.40  A 

5.  SIMULATION  OF  SRC  ALGORITHM 

Experiments  were  performed  to  verify  the  performance  of  the  SRC 
algorithm  and  the  effects  of  perturbations  In  the  SRC  filler  parameters. 

Both  C-band  and  L-band  parameters  shown  In  Table  1  were  used.  Four 
SAR  data  sets  were  simulated;  a  zero  squint  for  C-  band,  a  zero  squint  for 
L-  band,  a  IT  sec  squint  for  C-band  and  14  sec  for  L-band  (about  6°  squint 
In  each  case). 

Tlie  following  experiments  were  performed  to  examine  each  source  of  error 
separately: 

•  The  zero  squint  data  sets  were  processed  without  SRC  and  the  correct 
values  of  end  R  were  used.  The  azimuth  and  range  IRWs  were 
measured.  The  range  broadenbig  caused  by  keeping  the  filter 
constant  lliroughoul  a  target  trajectory  has  sliown  to  be  negligible  In 
both  C-band  and  L-bcnd.  These  IRWs  were  used  as  references  for 
computing  broadening  in  later  trials. 

•  The  squinted  data  sets  were  processed  without  SRC  and  then  with 
SRC  and  Hie  IRW  broadenings  in  range  and  azimuth  were  measured. 

•  The  squinted  data  sets  were  processed  with  the  slant  range  offset  by 
half  the  swath  width  in  computing  the  SRC  filler.  This  was  to 
evaluate  tin-  effect  of  error  in  slant  range. 

•  Tlie  squinted  data  sets  were  processed  with  the  Doppler  centroid 
offset  by  0.3  sec  (error  of  q^  at  swath  edge)  in  computing  tlie  SRC 
niter.  Tliis  was  to  evaluate  the  effect  of  a  Doppler  centroid  error. 

In  each  experiment,  both  1-look  and  4-look  processing  were  performed. 

For  C-band,  the  total  processed  bandw  idlh  was  about  2  sec  for  4-lnok  and  1 
sec  for  1-look  processing.  For  L-band,  il  was  about  0.7  sec  and  0.35  sec  for 
4-look  and  1-look  respectively.  Thus,  the  processed  aperture  lime  for 
4  looks  was  about  twice  as  long  as  llial  for  1  look. 

Errors  in  AV*  were  not  simulated  here  since  it  was  determined  that  they 
would  not  contribute  significantly  to  the  range  IRW  broadening. 

Tables  3  and  4  summarize  the  range  IRW  broadening  for  the  various 
experiments. 

Table  3  shows  that,  with  SRC,  the  range  IRW  broadening  for  4-lnok  L- 
band  data  was  11%.  This  was  a  result  of  using  a  corrKi  SRC  FM  rate  only 
at  the  Doppler  centroid  of  a  target  trajectory  but  not  elsewhere  along  the 
trajectory,  and  this  result  agreed  with  the  prediction  discussed  earlier.  The 
broadening  was  worse  willi  4-look  processing  than  with  1-look  due  to  the 
difference  in  their  total  processing  apertures.  This  table  also  shfiws  that  Ihc 
broadening  fur  C-band  was  insignlDcant.  Overall,  the  residual  broadening 
was  worse  for  L-band  than  C-band  simply  because  o,  the  longer  target 
exposure  time  in  the  L-band  case.  Figure  2  is  a  plot  cf  the  range  impulse 
responses  with  and  without  using  the  SRC  filter  for  the  L-band  1-look  case 
with  6°  squint. 

Table  4  sliows  the  broadening  due  to  an  error  in  R  (AR=20km)  acting  alone. 
The  broadening  was  a  little  more  Ilian  llial  at  Hie  swath  centre  lin  Table  3). 
This  experiment  therefore  indicates  that,  for  Hie  value  of  AR  considered,  the 
range  broadening  was  relatively  small  compared  to  that  due  to  keeping  the 
SRC  tiller  constant  along  Hie  target  trajectory  (AV  elfecl). 

Table  4  also  shows  that  the  broadening  due  to  an  q^  error  acting  alone. 
Again,  the  broadening  in  Hie  C-band  case  was  insignificant.  For  Hie  i.- 
band  4-look  case.  Hie  broadening  was  about  13%,  which  was  a  combined 
elfecl  of  both  the  q^  error  and  A(i'  at  Hie  end  of  the  processing  aperture. 
Again,  comparing  to  Table  3,  the  latter  was  the  dominant  etfect;  howevsr, 
the  former  could  n")  he  ignored. 

When  AR  and  Aq  j  were  combined  at  fne  swath  edge,  the  L-band  4-look 
broadening  increased  to  15%. 

Other  parameters  such  as  azimuth  IRW  broadening,  peak  power, 
maximum  sidelobe  power,  integrated  sidelobe  ratio  were  also  measured. 
With  SRC  processing,  these  parameters  did  not  change  significantly  when 
compared  to  Hie  zero  squint  case. 
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TABLE  3  WV«E  IIW  BKADENII*:  TOR  6*  SOUIOT  (AT  SHATH  CINJW:), 
HITO  AND  HJTWXn'  SRC 


REFERENCES 


Band 

Nunber 
o£  Looks 

Processed 
Aperture  Tise 

Without  SRC 

With  SRC 

c 

1 

0.35  sec 

leo.SL 

1.31 

c 

4 

0.7  sec 

174. 9t 

1.31 

1 

1 

1.0  sec 

900.71 

4.41 

1 

4 

2.0  sec 

1201.01 

10.91 

TABLC  4  RANGE  IRW  8RCAD!«1NC  POR  6*  SQUIKT  (AT  SHAW  EDCEJ 
E3(RORS 

Bsnd 

Number 
of  looks 

Processed 
Aperture  Tiitte 

firo)denin9 
AR*20  km 

Broadening 
6r^«0.3  sec 

C 

0.35  sec 

1.61 

1.71 

C 

4 

0.7  sec 

1.71 

1.71 

L 

1.0  sec 

6.71 

9.71 

L 

2.0  sec 

11.41 

12.91 
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6.  CONCLUSIONS 

Performance  of  the  SRC  algorithm  has  been  analyzed  theoretically  and 
e.a'pe'rimenlally  for  C-band  and  L-band.  The  analysis  has  inciuded 
perturbations  in  parameters  such  as  range,  relative  veiocity  and  tiie  effect 
of  holding  the  SRC  niter  constant  throughout  the  target  trajKtnry  lAf 
effcctl.  The  algorithm  should  be  employed  to  prevent  excessive  range  IRW 
broadening,  especially  in  the  case  of  long  target  exposure  time. 

For  C-band  data,  it  is  found  that  the  SRC  algorithm  provides  accurate 
compression  of  point  targets  of  up  to  at  least  E’'.  Also  for  llie  aniniml  of 
squint  considered,  the  SRC  filter  can  be  kept  constant  over  the  entire  swath 
width  when  processing  blocks  of  up  to  40  km  in  slant  range. 

For  l.-band  data,  for  the  same  squint  angle  and  same  slant  range  swath 
width,  the  worst  range  broadening  occurs  at  the  swath  edge  where  the 
dominant  factors  are  the  A4'  and  etiects  in  this  order.  However  the 
results  are  still  acceptable  when  compared  to  the  case  of  no  SRC  filter 
applied.  One  way  to  reduce  the  broadening  further  ir.  L-band  data  is  to 
reduce  the  SRC  filler  invariance  region  size.  Aniillier  way  Is  to  apply  Hie 
SRC  algorithm  In  the  azimuth  frequency  domain  and  vary  the  SRC  filler  as 
a  function  of  Doppier  centroid  frequency. 
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Abstract 

Syntlietic  aperture  radar  (SAR)  image  pliasc  information  is 
necessary  to  support  many  advanced  SAR  applications.  The 
phase  information  in  the  comjilcx  image  for  conventional  latigc- 
Doppler  processors  is  not  a  robust  estimate  of  scene  phase.  A 
SAR  processor  specifically  designed  to  preserve  phase  informa¬ 
tion  is  being  developed  at  the  Canada  Centre  for  Remote  Sens¬ 
ing  (CCRS).  fn  addition  to  preserving  vital  phase  information, 
this  processor  can  support  large  degrees  of  range  curvature  and 
range  migration.  Therefore,  it  is  possible,  in  principle,  to  use  tiiis 
processor  for  satellite  SAR  data,  high  resolution  airborne  S.AR 
data,  and  for  both  squint  mode  and  spotlight  mode  SAR  data. 
This  paper  summarizes  the  theory  and  presents  early  results. 

Key  Words:  SAR,  processing,  phase 

1  Introduction 

Phase  information  is  needed  to  support  advanced  SAR  ajrpli- 
cations  such  as  interferometry,  coherent  quadrature  polariinetiy, 
precision  point  scatterer  calibration,  and  extraction  of  ocean  wave 
information.  For  such  applications,  conventional  rangc-Doppler 
SAR  processors,  designed  simply  to  satisfy  image  lesolution  and 
magnitude  requirements,  achieve  their  goals  but  do  not  picservc 
correct  phase  information. 

We  are  developing  a  new  phase  preserving  SAR  processor. 
The  innovative  portion  of  our  approach  is  that  the  bulk  of  the 
range  walk  correction,  range  curvature  correction,  and  azimuthal 
compression  is  performed  in  the  two-dimensional  frequency  (wave- 
number)  domain,  rather  than  in  the  range-Dopplei  domain  The 
key  to  this  procedure  working  correctly  is  that  for  most  ladar 
systems,  a  small  adjustment  in  the  range  phase  achieves  the  nec¬ 
essary  range  curvature  correction  without  significantly  distuibing 
the  range  or  azimuth  focus. 

This  phase  preserving  SAR  processor  methodology  was  in¬ 
spired  by  the  SAR  processor  developed  by  F.  Rocca  (Rocca,  iyS7, 
Cafforio  el  ai,  1988).  Rocca’s  processor  is  centred  around  the 
Stolt  change  of  variables  (Stolt,  1978)  which  is  well-known  in 
downward  continuation  seismic  signal  processing,  ffowevei,  the 
phase  preserving  SAR  processor  at  CCRS  invokes  SAR-siiecific 
considerations  to  improve  the  piocessing  efficiency  and  ease  of 
implementation. 


2  Processing  Methodology 

We  begin  the  development  of  this  phase  preserving  SAR  pio- 
ccssor  by  considering  the  received  signal  from  a  single  point  scat¬ 
terer  at  range  R.  For  platform  centred  coordinates  (x,y),  along- 
track  and  slant-range  respectively,  the  scatterer  trajectory  is  il¬ 
lustrated  in  Fig.  la.  For  radar  memory  coordinates  (x,y),  the 
received  signal  trajectory  is  illustrated  in  Fig.  lb.  Assuming  an 
antenna  squinted  by  angle  a  (positive  for  forward  squint),  the 
received  signal  data  s  in  the  ((,y)  domain  (Fig.  lb)  may  be  writ¬ 
ten 

*(c,!/)  =  p\y  -  ii(<:  -  Xo)]w((:  -  Xo) 

•e.xp{-;2k/l(C-A'o)}  ,  (1) 

wheic  }>(y)  is  the  transmitted  range  pulse  wavdform,  w(x)  is  the 
azii  th  antenna  weighting  function,  k  is  the  radar  wavenumber, 
R{x)  =  \/R?  + is  the  scatterer  range,  and  A'o  =  R  tan  a  is  a 
reference  azimuth  location,  as  illustrated  in  Fig.  lb.  Note  that 
the  amplitude  of  s(C,y)  is  scaled  by  the  radar  cross-section  of 
the  scatterer  in  question  (tempered  by  radar  equation  consider¬ 
ations)  and  tliat  superposition  applies  for  the  case  of  multiple 
scatterers.  fn  equation  (1),  we  have  retained  the  full  hyperbolic 
range  dependence.  Hence,  the  expression  accurately  rei)iesenls 
range  curvature  and  squint-mode  SAR.  Note  the  explicit  coupling 
between  the  C  and  y  coordinate  systems. 

We  use  six  processing  steps  to  achieve  a  complex  SAR  “im¬ 
age”  with  correctly  preserved  phase.  A  block  diagram  illustrating 
the  processing  steps  is  given  in  Fig.  2. 


2.1  Two-Dimensional  Fourier  Transform 


We  first  transform  into  the  two-dimensional  spatial  wavenum¬ 
ber  domain  (u;c,u,'j)  via  two  sets  of  one-diniensional  Foui  lei  trans¬ 
forms.  The  range  transform  may  be  explicitly  calculated,  and  the 
azimuth  transform  benefits  from  application  of  the  principle  of 
stationary  phase.  The  result  is 

s(w<,Wj)  «  Cl  p[ui)  wiC  -  A'o)  exp{;  <>«')}  ,  (2) 


where  Ci  is  a  complex  constant  and  ?!(()  =  -(2k  -f  Wy)R(C  - 
A'o)  —  The  value  of  the  stationary  point  C  is  found  from 
d^(C')/dr  =  0.  We  calculate 


r  =  - 


oj(R 


^(2k-^^if-wl 


-1-  A'o  ■ 


(3) 


o) 

SPACE  (x.y) 


b) 

MEMORY  (x.y) 


- > 


...Jol” 


Figure  1:  a)  Scattercr  trajectory  througli  space  and  b)  tlirougli  radar  nieiiiory.  R  is  tlie 
slant  range  of  closest  approach,  is  the  reference  range,  A'o  is  tlic  coriesponding  lefciencc 
azimuth  offset,  and  a  is  the  antenna  squint  angle. 


Second,  we  note  that  for  a  typical  SAll,  the  resolution  p  (of 
order  metres)  is  much  larger  than  the  radar  wavelength  A  (of 
order  centimetres).  Thus,  we  may  use,  as  a  good  approximation, 

2!r 

«=  — »a)4,uj.  (7) 


Figure  2:  Flow  chart  of  principal  processor  steps. 

Substituting,  we  find  that 

s>c,u.v)  «  C,p(a;f),ef-_=M==) 


.  \  7(2fc  +  a£^/ 

■  exp  [fi  ^J(2k  +  wiy  -u}  +  A'o] }  . 

The  result  of  equation  (4)  may  be  directly  used  as  the  basis 
for  a  SAR  processor  of  this  class.  However,  it  is  advantageous  at 
this  stage  to  introduce  three  SAR-specific  simplifications.  First, 
we  expand  the  terms  under  the  y  about  the  centre  Doppler 
frequency 

n  =  2k  sin  Q  .  (5) 

We  define  the  azimuth  Doppler  frequencies  as 

=  f]  +  wj ,  (C) 

where  Wi  represents  frequency  excursions  about  the  centre  Doppler 
frequency.  Such  expansion  about  an  offset  frequency  is  sensible 
for  SAR  systems  that  have  azimuthal  beamwidths  much  nariower 
than  analogous  widths  found  in  other  signal  processing  fields, 
such  as  seismics  (for  example,  Gazdag  and  Sguazzcro,  1984)  and 
tomography  (for  example,  DiCenzo,  1986).  The  approximation 
that  results  is  excellent  over  typical  beamwidths  of  a  few  degrees, 
and  for  large  offset  squint  angles,  as  noted  below. 


Third,  we  restrict  the  domain  of  the  squint  angle  on  the  basis  of 
equation  (7)  such  that 

|q|  <  tan-'  .  (8) 

For  a  typical  airborne  SAR  (p  =  1  m,  A  =  0.056  ni),  the  squint 
angle  domain  is  |a|  <  77°,  wliich  is  a  rather  generous  restraint. 

Assume  now  that  we  wish  to  process  a  portion  of  signal  data 
such  as  that  in  the  shaded  region  of  Fig.  lb.  This  region  is 
centred  at  (-A'o,  Vo))  where  in  general  Vq  is  known  and  A'o  may 
be  calculated  from  geometry  via 

A'o  =  Vb  sin  o  .  (9) 

We  may  substitute  for  the  nominal  scatterer  range  parameter 

R  =  (Vb  +  I?)  COSO  ,  (10) 

which  references  our  memory  coordinate  system  to  the  non-skewed 
spatial  coordinate  system.  Using  the  above  definitions  we  find 

(11) 

■  exp  {-j  21:  ( Vb  +  q  cos’  a)} 

f  .  f,  ,  tanowj  ,  (1+3  tan’ a) 

•  exp  <  -j  ui  V'o  1  + - ^  i - - - -  > 

(  I  eos  Q  2k  cos“  a  8k^J  J 

f.  Vb  w’l 

■exp<j  — r-7i  f 
(  cos’  o  4k  J 

f  .  f,  .  tanaw6  ,  (l+Otan’o)  w’ll 

■exp<-jwii»/  1  + - — +  > - - - \ 

(  [  cos  Q  2k  cos’ a  8k' JJ 

■exp(j»/ fsinawj  + — . 

\  cos'  a  'IK !  j 

Each  of  these  phase  terms  has  an  intuitively  satisfying  inter|>ie- 
tation  as  given  in  Table  1.  Our  subsequent  processing  steps  aie 
based  upon  this  generic  signal  data  form. 
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Table  1:  Interpretation  of  pliase  terms. 


term 

interpretation 

1 

“DC”  phase 

Wf 

range  position  fo  along  y 

range  walk 

range  curvature 

azimuth  position  -A'o  along  j 

<^1 

linear  FM 

2.2  Multiplication:  1st  Order  Processing 


The  second  processing  step  involves  the  removal  of  certain 
e.Nponential  (phase)  terms  in  equation  (11)  via  coinple.x  multipli¬ 
cation  by  their  conjugate: 


expi 


tan  Q  Ui  j 

( 1  -f  3  tan*  a) 

Wi  11 

COSO  2k 

cos*  a 

8)i:*Jj 

■  exp 


Yo  cvn 
cos^a  ‘1/;/ 


(12) 


This  multiplier  is  single-valued  and  known  at  all  locations  in  the 
domain  based  on  the  chosen  reference  point  in  the  signal 
data  space. 

The  function  J|((.)(,b>()  resulting  from  this  step  is  a  First-order 
range  walk  and  range  curvature  correction  (RCC)  as  well  as  a 
First  order  azimuth  compression  (if  a  range  coded  pulse  is  used, 
the  complex  multiplication  required  for  range  compression  should 
also  be  done  in  this  step).  The  signal  data  is  essentially  coriectcd 
for  range  curvature  and  azimuthally  compiessed  in  accordance 
with  the  data  centre  location  (-A'o,Vo)-  Subsequent  pioccssing 
steps  perform  the  residual  RCC  and  azimuthal  compression  for 
other  points  relative  to  (-.Yo,  Yo). 


2.3  Rangeward  Inverse  Fourier  Transform 

The  third  processing  step  is  the  calculation  of  the  inveise  ' 
Fourier  transform  in  the  range  dimension  to  move  into  the  (-.\.,ij) 
(range-Doppler)  domain.  The  result  after  inverse  Fourier  trails 
formation  may  be  written  down  directly  as 


5i(woy)! 

C,p 


,  _  tan  o  Wi  ,  ( 1  -f  3  tan' 
1  -f  —  —  -f - - 


COS  a  2^‘ 


|y  -  Yo  -  >?  [ 
:xp{iv(sinou,-l-^J|)}. 


(13) 


an^  o)  wn) 


2.4  Change  of  Variables:  2nd  Order  RCC 


The  fourth  processing  step  requires  the  change  of  variables 


y  =  y  ■ 


tanaws  (1-P3tan’a)  uij 
1  -f  —  rr  + - — V - 


COSO  2k 


Sk‘^ 


(M) 


to  effect  the  remaining  RCC.  This  change  of  variables  amounts 
to  a  single-valued  perturbation  implementcxl  as  an  inteipolation 
step  in  (w(,y)  space  for  digital  data.  This  perturbation  will  have 
negligible  impact  upon  the  ability  to  fully  focus  the  SAR  data 


in  azimuth.  Correct  positioning  of  the  range  pulse  locations  is 
ensured. 


2.5  Multiplication:  2nd  Order  Compression 


The  Fifth  processing  step  requires  complex  multiplication  by 
the  conjugate  of  the  remaining  phase  terms  which  are  now  known 
and  constant  at  each  point  in  range-Doppler  s|>ace.  The  multi¬ 
plier  is: 


ojj  sin  o  -1- 


1  ^ 
cos*  a  4k 


(15) 


The  term  (wj  sin  a)  achieves  correct  geometric  positioning  of  the 
resulting  impulse  response  in  the  image  domain.  The  term  pio- 
portional  to  w*  provides  the  azimuth  matched  filter  for  conipies- 
sion.  The  required  function  of  equation  (15)  is  single- valued  on 
(uii,j/').  The  result  of  this  complex  multiplication  is  a  new  func¬ 
tion  which  we  denote  J2(ui(,y'). 


2.6  Azimuthal  Inverse  Fourier  Transform 


The  final  processing  step  involves  calculation  of  the  inverse 
Fourier  transform  in  the  azimuth  dimension  to  move  back  into 
the  (C,y')  (spatial  image)  domain.  The  explicit  dependence  on  ;; 
may  be  removed  by  considering  a  scatterer  at  range  R,  as  defined 
in  Fig.  1.  VVe  Find  that 


«s(C>y')  C'sP  (y' 


where  C3  is  a  new  complex  constant. 

A  full  complex  image  results  from  convolution  of  the  impulse 
response  of  equation  (16)  over  the  complex  scattering  field.  This 
result  represents  a  complex  SAR  image  which  fs  free  fiom  lange 
invariance  regions,  hence,  phase  discontinuities  in  range.  Detec¬ 
tion  (preferably  a  magnitude-squared  operation)  yields  the  usual 
SAR  image  product. 


3  Simulation  Results 

The  phase  preserving  SAR  processor  methodology  is  being 
implemented  and  tested  on  a  digital  computei  using  a  squint 
mode  point  scatterer  complex  signal  data  simulation  model  The 
model  IS  based  upon  a  Gaussian  weighting  function  for  the  az 
imutlial  antenna  pattern  (in  which  /?  is  the  azimuthal  antenna 
beamwidth)  and  a  compressed  Gaussian  range  impulse  (in  which 
p,  is  the  range  resolution).  The  simulated  data  is  based  upon 
calculating  the  instantaneous  range  to  the  target  and  inserting 
this  result  into  a  phase  term  in  the  signal  generator. 

The  required  signal  data  simulation  parameters  are  outlined 
in  Table  2,  with  specific  values  for  an  airborne  SAR  case  indi¬ 
cated.  The  parameters  are  based  upon  design  equations  with 
20%  guard  bands  and  were  chosen  to  emulate  the  CCRS  CV-5S0 
C-band  SAR  system  (Livingstone  cl  at,  1987). 

In  Fig.  3,  we  present  detected  impulse  response  results  of  the 
two  data  sets  considered.  The  impulse  response  is  one-quarter 
swath  further  out  in  slant  range  than  the  reference  point,  thus 
exercising  all  steps  in  the  algorithm.  We  present  the  impulse 
response  both  with  and  without  the  range-Doppler  inteipolation 
step.  For  the  squinted  case,  we  see  a  substantial  improvement 


in  the  impulse  response  we  invoke  tliis  interpolation  step.  The 
azimuthal  tail  on  the  squinted  impulse  response  is  a  consequence 
of  approaching  the  design  constraint  of  equation  (8). 

These  results  demonstrate  the  capability  of  this  processing 
approach  to  produce  a  conventional  SAR  imago  for  the  case  of  a 
high  resolution  airborne  SAR  and  a  high  resolution  squint  mode 
airborne  SAR.  We  have  yet  to  analyze  the  phase  performance. 
Actual  airborne  SAR  data  has  been  compressed  vsith  this  piu- 
ccssor. 

4  Conclusions 

The  phase  preserving  SAR  processor  which  we  have  outlined 
presents  the  potential  to  support  advanced  SAR  applications  by 
providing  uncorrupted  image  phase  information.  The  c.xtcnsioii 
of  our  simulation  results  to  a  full-fledged  SAR  processing  capa¬ 
bility  is  ongoing.  Issues  being  consideicd  include  the  decelop- 
ment  of  a  Doppler  centroid  estimator  and  a  Doppler  ambiguity 
resolver  in  order  to  accurately  estimate  the  squint  angle  a,  the 
development  of  a  software-based  platform  motion  compensation 
capability,  and  the  study  of  the  phase  preserving  characteristics 
of  this  processor. 

An  important  part  of  the  latter  issue  is  the  development  of 
a  robust  capability  to  perform  complex  interpolation.  This  is 
being  investigated  in  terms  of  a  new  amplitude/phase  unwrap 
algorithm.  If  the  data  is  substantially  over  sampled,  interpolat¬ 
ing  on  the  in-phase  and  quadrature  components  is  a  reasonable 
approximation.  However,  actual  SAR  data  is  generally  only  ad¬ 
equately  sampled,  in  which  case  such  an  interpolation  approach 
often  creates  undesirable  image  artifacts.  Accurate  complex  in¬ 
terpolation  is  at  the  heart  of  many  modern  SAR  applications, 
and  is  an  interesting  topic  in  its  own  right. 
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Table  2:  Parameter  sets  used  in  the  simulations. 


parameter 

Case  1 

Case  2 

azimuth  samples 

K, 

2048 

2048 

azimuth  sample  spacing 

Sx 

(m) 

0.39 

0.39 

range  samples 

Ka 

2048 

2048 

range  sample  spacing 

S’J 

(m) 

4.0 

4.0 

centre  target  range 

R 

(m) 

8000 

8000 

radar  wavelength 

A 

(ill) 

G.OoC 

0.05C 

range  resolution 

Pr 

(m) 

6.0 

6.0 

squint  angle 

a 

(°) 

0.0 

45.0 

azimuth  beamwidth 

n 

3.6 

3.6 
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Figure  3;  Simulation  point  target  responses  without  (left)  and 
with  (right)  the  range-Doppler  interpolation  step  for  the  input 
parameters  of  Table  1.  a)  High  resolution  airborne  SAR  and 
b)  high  resolution  airborne  SAR  with  45°  squint. 


2592 


SAR  Super-resolution  using  a  Perturbed  Point  Spread  Function 


D.UIackiicll 

GEC-Marconi  Research  Centre 
West  llanningricld  Road 
Great  Uaddow 
Chelmsford 
Essex 
CM2  SUN 
United  Kingdom 


S.Qucgan 

The  Department  of  Applied  and 
Computational  Mathematics 
The  University  of  ShcfTicId 
Western  Bank 
Sheflield 
SIO  2TN 
United  Kingdom 


Abstract 

Super-resolution  techniques  attempt  to  improve  upon  the  theoretically  op¬ 
timum  resolution  of  a  coherent  ima^ng  system  by  using  prior  knowledge 
about  the  imaged  scene.  Ideal  operation  requires  the  exact  point  spread 
function  (PSF)  of  the  imaging  system  to  be  known.  For  airborne  SAR 
systems,  even  after  motion  compensation,  residual  across-track  motions  of 
the  SAR  platform  will  cause  unknown  perturbations  of  the  FSF.  In  this 
paper,  the  effects  of  such  perturbations  on  the  performance  of  a  particular 
super-resolution  technique  arc  illustrated.  The  consequences  for  the  use  of 
super-resolution  with  airborne  SAR  systems  are  discussed. 

Keywords 

synthetic  aperture  radar,  SAR,  motion  compensation,  super-resolution 

1  Introduction 

For  coherent  imaging  systems,  such  as  synthetic  aperture  radar  (SAR), 
there  is  a  tlicoretical  limit  to  the  resolution  Nvhicli  can  be  achieved  when, 
prior  to  imaging,  nothing  is  known  about  tiic  object  being  imaged.  Super- 
resolution  techniques  attempt  to  achieve  better  resolution  than  this  theoret¬ 
ical  hmil  by  partially  inverting  the  imaging  process  using  prior  knowledge 
about  the  object. 

^fuch  of  the  motivation  for  super-resolution  work  comes  from  the  re¬ 
sult  that,  for  a  band-limiting  imaging  system  mapping  from  a  continuous 
object  space  to  a  continuous  image  space,  if  it  is  known  that  the  object 
IS  of  hiTuted  spatial  c.xtcnt  (the  prior  knowledge)  then  tlic  object  can  be 
reconstructed  exactly  given  any  finite  portion  of  the  image,  i  c  infinitely 
narrow  resolution  can  be  achie\ed.  Of  course,  in  reality,  practical  consid¬ 
erations  such  as  additive  noise  on  (he  image  will  degrade  the  performance 
of  super-resolution  techniques.  Methods  havM  been  developed  to  limit  the 
detrimental  effects  of  additive  noise  and  theoretical  studies  haw  shown  res¬ 
olution  enhancement  by  factors  of  two  to  four  to  be  possible  However,  a 
further  practical  consideration  which  has  not  been  considered  previously 
is  the  fact  that  the  point  spread  function  (PSF)  used  in  formulating  the 
super-resolution  reconstruction  may  not  exactly  match  the  PSF  which  char¬ 
acterizes  the  imaging  process.  This  is  especially  true  in  the  case  of  airborne 
SAR  for  which  uncotrected  across-track  motions  of  the  SAR  platform  cause 
unknown  perturbations  of  the  PSF  from  its  ideal  form.  Motion  compen¬ 
sation  schemes  can  be  used  to  remove  the  gross  effects  of  these  motions, 
but  some  residual  perturbation  will  still  remain.  This  will  produce  a  fur¬ 
ther  degradation  in  the  performance  of  super-resolution  techniques  It  is 
intended  to  characterize  tins  degradation  in  performance  and  discuss  tlie 
consequences  for  the  use  of  .super-resolution  with  airborne  SAR  systems 

The  super-resolution  technique  to  be  considered  is  the  stochastic  inverse 
method  (Luttrcll,  1985  and  Delves  ct  al,  1968)  which  is  described  in  Section 
2.  In  Section  3,  a  simulation  is  used  to  establish  a  baseline  performance  of 
the  technique  m  the  absence  of  PSP  perturbations.  In  Section  4,  the  PSF 
IS  perturbed  to  a  degree  which  is  consistent  witli  the  performance  of  a  typ¬ 
ical  airborne  SAR  system  (an  X-band  SAR  operated  by  the  Royal  Signals 
and  Radar  Establislimcnt)  after  optimum  motion  compensation  has  been 
applied  (DIacknell,  1989)  and  the  consequent  degradation  m  performance 
IS  assessed.  Conclusions  arc  given  m  Section  5. 


2  The  Stochastic  Inverse  Method 

Let  the  imaging  process  be  described  as. 


9  =  Tf  +  n,  (1) 

where, 

0  =  the  image, 

/  =  the  object, 

T  3  the  imaging  operator, 

n  3  the  additive  noise. 

The  best  linear  estimate  of  the  object  in  a  minimum  mean  square  error 
sense  is, 

fr  =  IFr'iriFT'  +  N]-'g,  (2) 

wlicro, 

fr  3  the  reconstructed  object,  ‘ 

W  3  <//'>, 

N  s  <  mil  >. 


The  covariance  matrix,  W,  contains  tlie  prior  knowledge  and  must  be  esti¬ 
mated  before  a  reconstruction  can  be  obtained.  Typically,  the  covariance 
matrix  will  be  assumed  to  be  diagonal  wliicli  means  that  the  prior  knowl¬ 
edge  can  be  specified  by  estimating  the  expected  power  of  the  object  at 
each  pixel  position  requited  for  the  object  recoiistuction.  If  a  j>revious 
reconsl ruction  is  aNtiilnblc,  then  the  prior  knowledge  can  be  obtained  by 
choosing  some  suitable  Ihresliold  and  setting  the  expected  power  to  the 
mean  background  value  at  those  positions  where  the  pixel  value  is  less  tlian 
the  threshold  and  setting  the  c.\pected  jiow'er  to  the  actual  power  of  the 
reconstructed  pixel  at  those  |iositions  where  the  pixel  \alue  is  greater  than 
the  threshold.  This  choice  of  prior  knowledge  reflects  the  belief  that  ob¬ 
jects  of  interest  will  be  seen  as  bright  targets  against  a  dark  background  To 
produce  the  first  reconstruction,  the  super-resolution  technique  is  applied 
using  no  prior  knowledge  (IF  =  the  identity  matrix).  Thereafter  the  pro¬ 
cess  is  iterated  with  cncli  new  reconstruction  providing  the  prior  knowledge 
for  the  next  reconstruction  until  the  procedure  converges  to  a  consistent 
reconstruction. 


3  Baseline  Performance 

For  tins  investigation,  objects  specified  on  a  32x32  pixel  grid  arc  imaged  to 
produce  images  specified  on  an  8x8  pixel  grid  The  objects  and  images  have 
complex  pixel  values  but  the  intensity  values  arc  used  for  display  purposes 
The  point  spread  function  (PSF)  is  that  which  would  result  if  the  SAR 
platform  was  free  from  across-track  motions  (It  is  not  the  pcrfeci  sinc(x) 
function  since  a  non-uniform  antenna  illumination  has  been  considered ) 
The  image  is  sampled  at  the  Nyquist  rale  appropriate  for  the  bandwidth  of 
the  system  being  modelled  Thus  an  object  reconstruction  onto  the  32x32 
pixel  grid  represents  an  attempt  to  improve  the  resolution  by  a  factor  of 
four  The  object  to  be  considered  is  an  arrangement  of  two  point  targets 
whicli  have  equal  amplitudes  and  arc  90*  out  of  phase  (in  quadrature)  and 
which  arc  at  identical  range  positions  but  are  separated  by  three  quarters  of 
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a  resolution  coll  in  azimulli  The  closeness  of  the  targets  provides  a  suitable 
challenge  for  the  su|)cr*rcsoIution  technique  This  object  is  imaged  using 
the  perfect  PSF  and  the  resulting  image  is  corrupted  with  20dD  additive 
noise  The  image  is  then  resampled  onto  a  32x32  pixel  grid  Forty-nine 
additive  noise  realizations  ucre  used  and  the  resulting  forty-nine  resampled 
images  arc  shown  in  Figure  1.  (For  all  four  figures  presented  in  this  paper, 
the  highest  valued  pixel  in  each  component  image  has  been  set  to  black  and 
pixels  of  zero  intensity  have  been  set  to  white  in  order  to  show  features  of 
interest  more  clearly.  The  azimuth  direction  is  from  left  to  right  and  the 
range  direction  is  from  bottom  to  top  The  individual  component  images 
within  the  ariay  wilt  be  referred  to  using  (x,2/)  coordinates  where  x  runs 
from  1  to  7  and  from  left  to  right  and  where  y  runs  from  1  to  7  and 
from  bottom  to  top )  The  stochastic  inverse  super-resolution  technique 
was  applied  to  each  of  these  images  using  a  maximum  of  fifteen  iterations. 
The  resulting  forty-nine  reconstructed  objects  are  shown  tn  Figure  2. 

It  can  be  seen  from  Figure  1  that  each  image  appears  as  a  featureless 
‘blob’  surrounded  by  clutter.  Although  the  method  of  display  which  has 
been  used  tends  to  emphasize  the  structure  of  the  clutter  (the  lower  inten¬ 
sities)  rather  than  the  structure  of  the  blob  (the  higher  intensities)  it  is,  tn 
fact,  the  case  that  the  blob  has  no  internal  strticlurc  to  indicate  the  nature 
of  the  original  object.  This  is  to  be  c.\pectcd  given  the  sub-resolution  cell 
spacing  of  the  point  targets.  Figure  2  shows  immediately  that  the  super¬ 
resolution  technique  lias  been  very  successful  in  discerning  the  structure  of 
the  original  object.  There  arc.  of  course,  some  misleading  reconstructions 
Fur  instance,  in  some  cases  more  than  two  point  targets  have  been  resolved. 
One  of  the  more  severe  examples  of  this  is  reconstruction  (3,C)  which  shows 
three  point  targets  each  at  dilTcront  range  positions  One  of  the  targets  is 
correctly  positioned  but  the  other  two  are  completely  incorrect  Less  severe 
examples  have  twx>  point  targets  of  approximately  equal  strength  at  the  cor¬ 
rect  positions  but  also  have  spuriois  lower  intensity  point  targets  at  other 
positions,  for  example  reconstructions  (3,7),  (l.d)  and  (4,4)  amongst  others. 
Referring  to  Figure  1,  it  can  be  seen  how  these  spurious  point  targets  have 
arisen  at  positions  where  the  background  clutter  is  quite  high.  Once  again 
employing  our  belief  that  objects  of  interest  will  be  of  high  intensity,  we 
feel  justified  in  thresiioldiiig  the  reconstructions  at  the  3dD  or  half  power 
level  This  leaves  reconstructions  of  three  types,  those  which  show  only  one 
point  target,  those  which  show  two  point  targets  cither  or  both  of  which 
may  be  incorrectly  positioned  and  those  which  sliow  Iwx)  point  targets  at 
(he  correct  positions 

Assessing  the  quality  of  a  reconstruction  is  inevitably  subjective  since 
the  assessment  will  depend  on  what  properties  of  the  reconstruction  the 
observer  feels  to  be  iinportaiit  It  is  our  opinion  that  the  phase  of  the  scat- 
terers  is  not  of  great  importance  when  attempting  to  identify  the  target 
which  is  composed  of  these  scatterers  and  so  tlic  accuracy  of  the  *«»coii- 
structed  phase  has  not  been  addressed  For  this  reason,  the  perforu.ancc 
assessment  to  be  used  is  the  proportion  of  reconstructions  which  show  two 
point  targets  of  approximately  equal  intensity  at  the  correct  positions.  It 
transpires  that  thirty-six  of  the  forty-mne  reconstructions  satisfy  this  cri¬ 
terion  giving  an  (admittedly  ad  hoc)  baseline  performance  assessment  of , 
72%. 

4  The  Effect  of  a  Perturbed  Point  Spread 
Function 

A  furflier  forty-nine  resampled  images  were  generated  as  boforc  ocept  that 
this  time  the  PSF  in  the  azimuth  direction  was  a  realization  of  a  perturbed 
PSF  resulting  from  a  typical  airborne  SAR  system  after  optimum  motion 
compensation  had  been  a|)plicd  These  are  shown  in  Figure  3  and  the 
corresponding  reconstructions  arc  shown  in  Figure  4.  It  can  be  seen  that 
the  performance  of  the  super-resolution  technique  has  been  significantly 
degraded.  There  arc  many  more  examples  of  spurious  point  targets  being 
resolved.  A  typical  cxamjilc  is  reconstruction  (7,7)  where  two  point  targets 
have  been  resolved  of  approximat'^ly  equal  intensity  and  the  correct  distance 
apart  (allhougli  shifted  in  azimuth  -  sec  below)  but  a  further  point  target 
has  also  been  resolved.  Referring  to  image  (7,7),  it  can  be  seen  that  there 
is  a  distinct  blob  oi  f|i<»  pc*«i*!o:*  wliere  the  spurious  point  target  has 
detected  This  is  the  result  not  only  of  the  clutter  but  also  of  the  high 
sidelobes  which  may  occur  for  the  perturbed  PSF.  A  further  characteristic 
of  perturbed  PSFs  is  a  shift  in  the  position  of  the  main  lobe.  This  may 
cause  a  orobicin  when  try  mg  to  accurately  locate  targets  on  the  ground  but 
is  not  of  importance  for  super-resolution.  It  is  only  the  relative  positioning 
whicli  is  of  importance. 


Again  employing  a  3dB  threshold  on  the  reconstructions  removes  some 
of  the  spurious  point  targets.  Counting  the  number  of  reconstructions  which 
have  resolved  two  point  targets  of  approximately  tlic  same  intensity  and  the 
correct  distance  apart  gives  a  performance  assessment  of  twenty-four  out 
of  forty-nine,  i.c.  about  48%. 

5  Conclusions 

Much  of  the  theoretical  work  on  super-resolution  has  forged  ahead  happily 
disregarding  the  problems  involved  in  accurately  characterizing  the  PSF  of 
the  imaging  system  In  many  cases,  where  the  imaging  system  being  con¬ 
sidered  is  not  specified,  this  is  probably  justified  since  the  results  will  apply 
to  optical  systems  for  which  the  PSF  can  be  characterized  very  accurately. 
However,  when  attempting  to  apply  super-resolution  to  SAR,  especially 
airborne  SAR,  the  effects  of  perturbations  in  the  PSF  must  be  taken  into 
account  The  main  purpose  of  this  paper  has  been  to  illustarate  the  degra¬ 
dation  in  performance  which  can  occur  Our  'performance  measure’  is  no 
more  than  an  ad  hoc  indicator  of  what  can  be  interpreted  visually  from  the 
figures  and  should  not  be  taken  too  seriously. 

On  looking  at  Figures  3  and  4,  it  may  be  felt  that,  if  this  is  the  best  that 
can  be  done  on  simulated  images,  the  super-resolution  technique  must  be 
Improved  before  it  can  be  applied  to  actual  SAR  images.  There  are  three 
approaches  to  achieving  this. 

1.  Use  belter  motion  compensation. 

The  motion  compensation  scheme  underlying  this  work  (DIackncll, 
1D8D)  operates  without  inertial  measurement  unit  (IMU)  measure¬ 
ments  and  cannot,  tliercfore,  perform  as  well  as  a  motion  compensa¬ 
tion  scheme  which  uses  accurate  IMU  measurements.  It  may  be  that, 
by  using  a  belter  motion  compensation  scheme,  sufTicicntly  good  im¬ 
age  quality  can  be  achieved  to  allow  the  super-resolution  technique 
to  be  applied  as  it  stands. 

2.  Use  a  better  estimate  of  the  PSF 

In  this  paper,  it  has  been  assumed  that  no  attempt  has  been  made 
to  estimate  the  PSF  from  the  image  itself.  If  this  were  to  be  done  in 
the  locality  of  the  object  of  interest,  an  improved  performance  may 
be  possible.  However  the  problem  of  estimating  the  PSF  from  the 
image  is  not  trivial. 

3  Improve  the  super-resolution  technique 

As  a  last  resort,  it  may  be  necessary  to  attempt  to  generalize  the 
super-resolution  technique  to  take  into  account  that  the  PSF  is  not 
deterministic  but  is  a  statistical  entity  whose  properties  depend  on 
the  typical  SAR  platform  motions  which  occur  and  the  motion  com¬ 
pensation  which  lias  been  used  This  is  quite  a  difTicult  problem. 

The  use  of  super-resolution  with  airborne  SAR  systems  may  still^prove  to 
be  profitable  but  much  work  has  yet  to  be  done. 
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Abstract 

Most  high  resolution  SAR  processors  are  based  on  matched 
filtering  implemented  via  the  Discrete  Fourier  Transform 
(DFT).  The  DFT  in  turn  is  computed  with  the  fast  algor¬ 
ithm  known  as  the  FFT.  However,  a  much  lower  computa¬ 
tional  complexity  is  attainable  with  the  Fermat  Number 
Transform  (FNT)  which  accordingly  have  the  potential  of 
offering  faster  and/or  simpler  processors. 

Two  potential  problems  must  be  taken  into  account  when 
applying  the  FNT  for  SAR  processing.  Firstly,  the  FNT 
offers  a  limited  dynamic  range  and  secondly  the  FNT  does 
not  provide  the  Fourier  spectrum  as  a  spin-off  of  the  filter¬ 
ing.  The  SAR  images  presented  in  this  paper  verify  that  in 
spite  of  these  deficiencies  the  FNT  is  indeed  applicable  to 
SAR  processing. 

Keywords:  Synthetic  Aperture  Radar,  digital  processing, 
Fermat  Number  Transform. 


1.  Introduction 

Processing  raw  Synthetic  Aperture  Radar  (SAR)  data  into 
high  resolution  images  requires  comprehensive  computa¬ 
tions  to  be  carried  out  on  vast  amounts  of  data.  Therefore, 
in  order  to  do  the  processing  in  real  time  fast  algorithms 
must  be  applied. 

By  the  SAR  processing  a  spatially  dispersed  raw  image  is 
focused  so  that  the  energy  from  the  individual  point  scatter- 
ers  is  compressed  into  single  points.  In  some  SAR  proces¬ 
sors  the  pulse  compression  is  accomplished  with  a  tech¬ 
nique  based  on  mixing  and  spectral  analysis,  but  most  pro¬ 
cessors  apply  matched  filteung.  A  digital  matched  filter  is 
a  Finite  unpulse  Response  (FIR)  filter  matched  to  the  input 
signal.  Mathematically  filtering  is  described  by  an  opera¬ 
tion  called  convolution,  and  according  to  its  definition  a 
convolution  can  be  computed  as  a  sum  of  products.  How¬ 
ever,  in  case  of  long  filters  this  straightforward  approach  is 
inefficient  and  faster  algorithms  must  be  applied.  Tradi¬ 
tionally  long  filters  have  been  implemented  via  the 
Discrete  Foul’ier  Transform  by  using  the  Fast  Fourier 
Transform  (FFT).  However,  several  other  algorithms  sup¬ 
port  fast  convolution  (Blahut,  1985)  and  although  less  well- 
known,  some  of  them  are  superior  to  the  FFT.  From  among 
thirteen  different  fast  transform  and  convolution  algor¬ 
ithms  studied  with  the  emphasis  on  SAR  processing  ap¬ 
plications  the  Fermat  Number  Transform  (FNT)  proved 
most  attractive  (Bail,  1988),  (Dali,  1989). 


The  subject  of  this  paper  is  the  implication  of  the  FNT  for 
SAR  processing.  In  Section  2  the  FNT  is  defined,  and  its  ad¬ 
vantages  are  discussed  in  Section  3.  Section  4  co^ares 
two  ofT-iine  SARprocessors  implemented  with  the  FFT  and 
the  FNT,  respectively.  Likewise  two  SEASAT  SAR  proces¬ 
sors  are  compared  in  Section  5. 


2.  The  Fermat  Number  Transform 
The  Fermat  Number  Transform,  G„,,  of  a  signal,  g„,  is  defin¬ 
ed  by 

N-l 

=  I  gnO)""*  OnodF,)  (1) 

n^O 

and  the  inverse  transform  is  given  by 

«n=  (modF,)  (2) 

neO 

n  is  the  time  index,  m  is  the  index  in  the  transform  domain, 
N  is  the  block  length  and  Ft  is  one  of  the  Fermat  numbers 

Fj  =  2*’  -HI  (3) 

b  =  2‘  ,  t  =  1,2,... 

Is  is  seen  that  the  definition  of  the  FNT  is  quite  similar  to 
the  definition  of  the  DFT  and  yet  there  are  important  differ¬ 
ences.  All  numbers  involved  in  the  FNT,  including  the 
kernel  o),  are  integers  in  the  range  [0;  F,-l]  and  all  arith¬ 
metic  operations  are  modulo  operations.  This  means  that 
in  principle  the  result  of  an  addition,  multiplication  etc.  is 
divided  by  Fj  and  only  the  remainder  is  retained. 

The  transform  G„,  in  Eq.  (1)  has  nothing  to  do  with  the 
Fourier  spectrum  and  in  fact  no  physical  interoretation  of 
G,„  is  known  at  present.  Nevertheless,  the  FNT  is  valuable 
because  it  supports  cyclic  convolution  in  almost  the  same 
way  as  the  DFT.  That  is,  the  cyclic  convolution  g®h  is  ob¬ 
tained  by  inverse  transforming  the  product  of  the  trans¬ 
forms  of  the  two  input  signals,  g  and  h. 

FNT(g0h)  =  FNT(g)-FNT(h)  (4) 


What  is  conmuted  in  this  way  is  actually  the  convolution 
modulo  the  Fermat  number  F^,  but  if  it  is  known  a  priori 
that  the  samples  of  the  desired  convolution  are  in  the  range 
(0:  Fj-1],  the  modulo  arithmetic  has  no  importance  at  all. 
Also,  if  it  is  known  that  the  desired  convolution  is  confined 
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to  any  other  interval  of  length  F  =2’’  + 1,  e.g.  2'’''],  it 
is  simple  to  correct  for  the  modulo  arithmetic.  is  simply 
subtracted  from  all  samples  exceeding  2*^*. 

The  FNT  differs  from  the  FFT  in  that  no  scaling  is  possible 
at  intermediate  steps  during  the  transformation,  so  the 
modulo  arithmetic  effectively  limits  the  dynamic  range 
allowed  for  g0h.  Therefore  it  is  desirable  to  choose  a  large 
Fj,  FV = 2’*  + 1  or  ^ = 2®* + 1  for  instance.  On  the  other  hand 
an  in  excess  otF.  means  increased  hardware  costs  or 
slower  computation  due  to  the  larger  word  length.  It  also 
reduces  the  maximum  transform  length  because  unlike  the 
DFT  the  FNT  is  not  defined  for  every  value  of  N.  The  pos¬ 
sible  transform  lengths  are  powers  of  two  and  they  are  con¬ 
strained  by  N  which  is  listed  in  Table  1.  N  reflects 
the  fact  that  Ft  is  a  prime  for  ts4  but  not  for  t>4. 


F, 

Nmtx 

No  =  2 

F3  =  28-f  1 

256 

16 

F4  =  216-H 

65536 

32 

F5  =  232+1 

128 

64 

F6  =  264  +  1 

256 

128 

Table  1.  The  maximum  transform  length  for  various  FNTs. 


With  a  straightforward  approach  four  integer  convolutions 
are  required  to  compute  one  complex  convolution.  Howev¬ 
er,  using  the  FNT,  complex  signals  can  be  convolved  very 
elegantly  with  only  two  integer  convolutions  (Nussbaumer, 
1981). 


3.  FNT  merits 

Unlike  the  DFT  kernel,  the  FNT  kernel,  w,  is  not  uniquely 
specified  for  a  given  transform  length,  N  (and  Fermat 
number,  F,).  The  principal  advantage  of  the  FNT  is  that  it 
is  possible  to  choose  co  so  that  the  FNT  can  be  computed 
with  simple  operations  like  additions  and  shifts  while  mul¬ 
tiplications  are  almost  completely  avoided. 

Obviously,  if  u  equals  2  in  Eq.  (1),  all  multiplications  dege¬ 
nerate  into  shift  operations.  Unfortunately,  the  transform 
lengths  associated  with  0  =  2  (indicated  by  N<o=2  in  Table 
1)  are  much  less  than  the  lenrths  of  the  matched  filters 
required  for  SAR  processing.  Recently,  the  Double  Level 
Decimation  (DLD)  algorithm  has  been  proposed  as  a  means 
of  circumventing  the  transform  length  problem  (Dall, 
1988).  Several  other  techniques  have  been  proposed,  but  at 
least  for  SAR  processing  these  techniques  are  inferior  to  the 
DLD. 

Table  2  compares  the  number  of  arithmetic  operations  re¬ 
quired  to  compute  a  convolution  with  the  FNT  (DLD)  and 
the  DFT  (FFT),  respectively. The  difference  is  a  factor  of  4.7 
to7.3  for  the  multiplications  and  a  factor  of  about  1.5  for  the 
total  number  of  operations.  It  should  also  be  mentioned 
that  the  FNT  (DLD)  is  just  as  modular  and  repetitive  as  the 
DFT  (FFT)  and  the  memory  requirements  are  the  same  too. 

Another  advantage  of  the  FNT  is  that  it  is  an  exact  trans¬ 
form,  not  only  in  theory  but  also  in  practice.  FFT  imple¬ 
mentations  introduce  computation  noise  because  the  com¬ 
plex  twiddle  factors  are  represented  with  a  finite  accuracy, 
end  because  the  results  of  the  multiplications  and  additions 
are  rounded  or  truncated.  However,  the  FNT  twiddle  fac¬ 
tors  are  Integers  representable  with  a  finite  number  of  bits, 
and  due  to  the  integer  modulo  arithmetic,  no  rounding  or 
truncation  is  needed.  The  price  paid  for  this  desirable  fea¬ 
ture  is  the  limited  dynamic  range  discussed  in  Section  2. 


Block 
length = 

Mults 

Adds/subs 

Shifts 

Total 

2xnitcr 

length 

FNT 

FbT 

FNT 

FFT 

FNT 

FFT 

FNT 

FFT 

64 

12 

56 

52 

76 

26 

0 

90 

132 

128 

12 

64 

60 

88 

30 

0 

102 

152 

256 

12 

72 

68 

100 

34 

0 

114 

172 

512 

12 

80 

76 

112 

38 

0 

126 

192 

1024 

12 

88 

84 

124 

42 

0 

138 

212 

2048 

20 

96 

92 

136 

46 

0 

158 

232 

4096 

20 

104 

100 

148 

50 

0 

170 

252 

8192 

20 

112 

108 

160 

54 

0 

182 

272 

16384 

20 

120 

116 

172 

58 

0 

194 

292 

32768 

20 

128 

124 

184 

62 

0 

206 

312 

65536 

28 

136 

132 

196 

66 

0 

226 

332 

Table  2.  The  number  of  arithmetic  operations  per  valid  output 
sample  for  a  complex  convolution.  The  overlap-save 
technique  is  applied  with  an  overlap  of  50%. 


4.  SAR-580  processing 

Two  potential  problems  must  be  taken  into  account  when 
applying  the  FNT  for  SAR  processing.  Firstly  the  FNT 
oners  a  limited  dynamic  range  and  secondly  the  FNT  does 
not  provide  the  Fourier  spectrum  as  a  spin-off  of  the  filter¬ 
ing.  To  examine  these  issues  the  FNT  defined  modulo  F4 
has  been  implemented  on  an  HP1000/A900  minicomputer 
and  incorporated  in  two  existing  SAR  processors  developed 
at  the  Technical  University  of  Denmark  (Dall,  1988). 

Modulo  arithmetic  is  very  cumbersome  on  the  HPIOOO/ 
A900  computer,  especially  when  coded  in  FORTRAN.  A 
factor  of  three  is  gained  by  coding  the  FNT  in  assembler 
language  which  facilitates  bit  manipulations  etc.  Still,  the 
FNT  is  only  marginally  faster  than  the  FFT,  as  seen  from 
Fig.  1.  On  another  general-purpose  computer,  the  IBM 
360/370,  the  FNT  has  proved  substantially  faster  than  the 
FFT  (Agarwal  and  Burrus,  1974),  but  in  both  cases  the  con¬ 
clusion  is  that  a  special  purpose  hardware  implementation 
is  required  to  make  the  merits  of  the  FNT  manifest  them¬ 
selves  completely.  A  pipeline  FNT  chip  has  already  been 
designed  (Truong  et  al.,  1985),  but  the  current  VLSI 
technology  allows  still  faster  chips  with  more  parallelism  to 
be  fabricated.  Recently,  a  chip  adopting  a  systolic  array 
architecture  has  been  proposed  (Dall,  1988).  It  is  expected 
to  be  two  to  five  times  faster  than  existing  state-of-the-art 
FFT  chips. 


Trensform  tength  (bede**2  logerlchm) 


Fig.  1.  Execution  time  ofFNT  and  FFT  programs. 
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In  its  original  version  the  processor  for  the  airborne  SAR- 
580  uses  the  FFT  for  the  range  and  azimuth  compressions. 
Since  the  SAR-580  does  not  suffer  from  range  curvature  at 
X-band,  both  the  range  filtering  and  the  azimuth  filtering 
are  one-dimensional.  This  means  th-i!.  it  is  straight¬ 
forward  to  substitute  the  FNT  for  the  i^FT.  The  only  non¬ 
trivial  issue  is  the  scaling  of  the  input  signals  required  to 
keep  the  amplitude  of  the  processed  signals  within  the  dy¬ 
namic  range  of  the  FNT.  The  scaling  should  be  as  moderate 
as  possible,  because  it  introduces  additional  quantization 
noise.  A  worst  case  scaling  is  much  too  conservative  and 
therefore  a  kind  of  block  adaptive  technique  is  applied.  The 
scale  factor  is  controlled  by  a  running  observation  of  the 
mean  amplitude  of  the  input  block  to  be  filtered,  g„  . 
When  each  sample  of  an  input  block  is  multiplied  by  the 
scale  factor 


rg 

®mean 


the  output  samples  will  fit  into  the  allowed  range  [-2_  ;  2  ). 
The  factor  r  is  obtained  empirically.  After  the  filtermg  the 
output  block  is  divided  by  s  to  make  sure,  that  the  indivi¬ 
dual  blocks  are  not  out  of  proportion. 

Fig.  2  compares  two  SAR-580  images  processed  with  the 
FFT  and  the  FNT,  respectively.  They  look  almost  exactly 
the  same.  The  FFT  used  is  a  32  bit  floating  point  routine 
and  hence  its  processing  noise  is  negligible.  This  means 
that  the  quantization  noise  introduced  by  the  FNT  proces¬ 
sing  can  be  found  by  a  complex  subtraction  of  the  two  not 
yet  detected  images.  The  intensity  of  this  noise  is  shown  in 
Fig.  3.  (Fig.  3  is  not  directly  comparable  with  Fig.  2,  be¬ 
cause  due  to  the  photographic  processing  applied.  Fig.  3  is 
too  light).  The  crosses  are  the  convolution  of  the  niter 
quantization  noise  by  the  high  intensity  parts  of  the  signal. 
The  bright  spots  are  due  to  overflow  caused  by  an  insum- 
cient  scaling  in  the  azimuth  processing.  With  a  proper  scal¬ 
ing  a  signal-to-processing-noise  ratio  of  20.5  dB  is  obtained. 
While  this  is  adequate  for  most  applications,  32  dB  is  at¬ 
tainable  using  a  more  comprehensive  processing. 


5.  SEASATSAR  processing 

It  is  much  more  complicated  to  integrate  the  FN 1  in  the 
SEASAT  SAR  processor  than  in  the  SAR-580  processor. 
This  is  due  to 


•  the  real  to  complex  signal  conversion 

•  the  subsampling  ,  ■  ,  . 

•  the  down-conversion  to  base  band  and 

•  the  range  curvature  correction. 

which  usually  are  taking  place  in  a  SEASAT  SAR  processor 
(Bennett  etal.,  1980). 


Unlike  the  raw  SAR-580  signals  the  SEASAT  signals  are 
frequency  offset  and  sampled  in  a  single  channel.  These 
real  signals  must  be  converted  to  their  equivalent  analytic 
(complex)  counterparts  in  order  to  meet  the  sapling 
theorem  in  the  azimuth  direction.  When  the  range  filtering 


&U11IU11UU  io  Wtctl  ’uy  . O -  - -  V 

which  is  equal  to  the  period  of  the  spectrum.  More  exacUy 
these  two  operations  are  combined  by  not  computing  the 
part  of  the  spectrum  anyhow  rejected.  This  in  turn  means 
that  two  real  input  signals  can  be  transformed  simultan¬ 
eously  with  a  single  FFT. 


When  the  filter  is  implemented  with  the  FNT  the  above- 
mentioned  frequency  domain  operations  cannot  be  pcrform- 


Fig.  2.  SAR-580  image  of  the  Willow  Run  Airport, 
Michigan.  Top  image:  FFI’  processing.  Bottom 
image:  FNT  processing. 


Fig.  3.  SAR-580  difference  image. 
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ed.  Instead  the  real  to  complex  signal  conversion  is  accom¬ 
plished  by  convolving  the  input  signals  by  an  analytic 
filter.  The  subsampling  must  take  place  in  the  time  domain 
and  hence  be  postponed  to  after  the  completion  of  the  fil¬ 
tering.  This  means  that  the  inverse  FNT  does  no^rofit  by 
the  subsampling  in  the  same  way  as  the  inverse  FFT. 

In  the  original  FFT  based  SEASAT  processor  the  down-con¬ 
version  is  implemented  as  a  cyclic  rotation  of  the  range 
spectrum.  This  is  notpossible  using  the  FNT.  Fortunately, 
tne  down-conversion  is  not  needed  at  all  because  a  simple 
modification  of  the  azimuth  filter  can  compensate  for  the 
frequency  offset. 

When  SEASAT  data  are  processed  to  full  resolution  images 
the  range  curvature  amounts  to  about  eight  range  cells. 
Therefore  a  two-dimensional  azimuth  filter  is  reouired. 
Nevertheless,  a  one-dimensional  filter  suffices  in  the  ori¬ 
ginal  SEASAT  processor  because  it  adopts  the  SAR  pro¬ 
cessing  scheme  known  as  the  hybrid  algorithm  (Wu  et  al., 
1982).  The  word  ’’hybrid”  refers  to  the  fact,  that  the  algor¬ 
ithm  operates  in  a  mixed  time-frequency  domain.  Range 
shifts  in  the  range-DoppIer  domain  straightens  the  target 
trajectories  so  that  a  one-dimensional  filter  can  be  applied. 
The  hybrid  algorithm  requires  fewer  arithmetic  operations 
than  the  true  two-dimensional  filtering,  but  it  introduces 
more  approximations.  It  also  calls  for  a  more  complicated 
control. 

Since  the  FNT  does  not  provide  the  Doppler  spectrum  as  a 
part  of  the  azimuth  filtering  it  is  not  compatible  with  the 
hybrid  algorithm.  Consequently,  in  order  to  substitute  the 
FNT  for  the  FFT,  the  SEASAT  SAR  processor  must  be  modi 
fled  to  apply  a  two-dimensional  azimuth  filter.  (Like  the 
DFT  the  FNT  can  be  generalized  to  two  dimensions). 

The  SEASAT  images  in  Fig.  4  are  processed  with  the  FFT 
and  the  FNT,  respectively,  but  they  can  hardly  be  distin¬ 
guished  from  one  another.  In  the  SEASAT  case  the  noise 
properties  cannot  be  studied  by  means  of  difference  images 
because  also  the  substitution  of  the  two-dimensional 
azimuth  filtering  for  the  hybrid  algorithm  makes  the  FNT 
image  deviate  from  the  FFT  image.  Applying  FNT  for  the 
SAR  processing  implies  the  more  noisy  convolution  algor¬ 
ithm  but  the  better  SAR  algorithm. 


6.  Conclusions 

When  computed  with  the  Double  Level  Decimation  algor¬ 
ithm  the  FNT  constitutes  an  attractive  alternative  to  the 
FFT  as  far  as  filter  implementations  are  concerned.  With 
the  FNT  the  number  of  multiplications  is  reduced  by  a  fac¬ 
tor  of  5  to  7  and  the  total  number  of  operations  by  a  factor 
of  1.5  approximately.  Special-purpose  FNT  chips  are  ex¬ 
pected  to  be  2  to  5  times  faster  than  existing  state-of-the-art 
FF^  chips,  but  with  general-purpose  computers  the  advant¬ 
age  may  be  much  less. 

The  FNT  does  not  provide  the  Fourier  spectrum  as  a  spin¬ 
off  of  the  filtering.  This  is  inconvenient  in  case  of  signifi¬ 
cant  range  curvature,  but  the  main  problem  with  the  FNT 
is  its  limited  dynamic  range.  A  signal-to-processing-noise 
ratio  of  20.5  to  32  dB  has  been  measured.  However,  judging 
from  the  SAR-580  and  SEASAT  SAR  images  processed  so 
far,  the  FNT  seems  to  be  adequate  for  most  applications. 


Fig.  4.  SEASAT  image  of  the  southern  part  of  Zeeland, 
Denmark.  Top  image:  FFT  processing.  Bottom 
image;  FNT  processing. 
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Abstract 

The  impact  of  reference  function  weighting 
on  Synthetic  Aperture  Radar  (SAR)  image 
quality  'parameters  is  presented.  The  Hanning 
weighting  ,  (1-  Yi  )cos  wt,  has  been 

considered  for  the  present  analysis.  The 

energy  distribution  of  the  compressed  pulse 
alongwith  the  parameters  like  integrated  side- 
lobe  ratio  (ISLR),  mismatch  loss,  side-lobe 
reduction,  etc.  are  considered  for  the 
evaluation  of  the  preferred  range  of  Hanning 
weighting  coef-f icients,  ’YL’. 

Key  Words  Synthetic  Aperture  Radar 

(SAR),  image  impulse  response,  Hanning 
Weighting,  ISLR,  energy  distribution,  image 
resolution 

1.0  Introduction 

The  image  information  in  case  of  SAR  is 

quantified  in  terms  of  the  peak  side-lobe 

level,  main  lobe  resolution  width,  ISLR, 
energy  distribution,  mismatch  loss,  etc.  The 
image  is  specified  by  the  2-D  impulse  response 
function  which  for  SAR  can  suitably  be 
characterised  by  two  independent  1-D  impulse 
responses;  one  in  range  and  the  other  in  the 
azimuth  direction. 

In  order  to  have  an  increased  system- 
resolving  capability  in  range  and  reduced  peak 
power  requirement  for  the  transmitted  signal, 
pulse  compression  technique  is  implemented  by 
transmitting  a  linearly  frequency  modulated 
(LFM)  signal.  Further,  the  return  in  azimuth 
direction  also  has  similar  characteristics. 
The  range  and  azimuth  resolutions  are  obtained 
by  carrying  out  appropriate  matched  filtering 
in  the  respective  directions. 

An  ideal  LFM  matched  filtered  waveform 
gives  a  Sine  x  impulse  response,  with  a  peak 
side-lobe  level  of  -13.2  dB  only.  Such  a  low 
peak  side-lobe  will  cause  significant 
interfering  signals  for  SAR  where  the  imaging, 
due  to  the  multitarget  environment, is  usually 
over  a  large  dynamic  range.  Hence,  image 
quality  specifications  usually  call  for  a  much 
better  side-lobe  level,  which  can  be  achieved 
by  deliberately  mismatching  the  received 
signal  by  amplitude  weighting  of  the  reference 
function  during  pulse  compression  [ref.l]. 


A  detailed  analysis  of  the  relevant  image 
quality  parameters,  which  decide  the  selection 
9f  appropriate  Hanning  weighting  coefficients, 
is  presented  in  this  paper.  As  the  returned 
signal  is  LFM  in  both  range  and  azimuth 
directions,  the  present  analysis  deals 
basically  with  the  1-D  range  impulse  response, 
but  the  results  hold  good  in  general,  for  the 
azimuth  impulse  response  also. 

2.0  SAR  Image  Quality  Variables 

As  stated  earlier,  a  SAR  using  pulse 
compression  will  have  a  sine  x  type  of  impulse 
response  in  both  range  and  azimuth  directions. 
The  significant  aspect  of  this  impulse 
response  is  the  existence  of  main  lobe  where 
most  of  the  signal  energy  is  contained.  The 
main  lobe  is  associated  with  side-lobes  which 
extend  infinitely  in  each  direction.  Due  to 
the  large  dynamic  range  associated  with  the 
SAR  imaging  geometry,  these  side-lobes  have 
significant  interfering  impact  on  image. 
Hence,  the  main  problem  in  characterising  the 
information  content  of  SAR  impulse  response, 
is  to  associate  some  image  quality  variables, 
The  three  main  parameters  are  the  main  lobe 
width  related  to  the  resolution,  peak  side- 
lobe  level  and  the  energy  distribution  in  the 
overall  image  impulse  response. 

The  most  common  choice  for  the  definition 
of  image  resolution  is  the  main  lobe  width 
corresponding  to  the  intensity  point  3  -  dB 
below  the  main  lobe  peak.  This  definition 
approximates  the  Rayleigh  criterion  for  the 
resolution  of  a  non-coherent  imaging  system 
[ref. 2].  As  SAR  is  coherent  in  nature,  the 
range  and  azimuth  resolutions  cannot  be 
defined  all  the  time  by  this  3  -  dB  point. 
While  defining  the  resolution,  other 
parameters  like  peak  siJe-iobe  level,  energy 
distribution  etc.  are  also  to  be  specified 
alongwith.  In  present  discussion,  the 
resolution  will  be  defined  by  the  main  lobe 
width  of  the  image  impulse  response 
corresponding  to  some  specified  intensity 
level  (  e.g.  -3  dB  )  below  the  main  lobe  peak 
in  either  direction  (  range  and  azimuth  ) . 

The  sine  x  type  of  impulse  response 
corresponds  to  a  3  -  dB  resolution  width  of 
0.88/B,  where  B  is  the  transmitted  signal 
(LFM)  bandwidth  in  range  direction  or  Doppler 
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bandwidth  in  a'^imuth  dii-ection.  The  side-lobe 
is  ~13.2  dB  down  the  main  lobe  peak.  As 
analysis  is  similar  in  both  the  directions 
(range  and  azimuth),  range  only  (as  mentioned 
earlier)  is  considered  presently.  Hence,  if  B 
is  the  bandwidth  of  the  transmitted  LB'M,  the 
range  resolution  Rj-  is  given  as  before  by 
0.88/B  . 

Two  variables  will  be  defined  for 
describing  the  energy  distribution  in  the 
image  impulse  response.  Let  Eg  denote  the 
ratio  of  the  energy  content  in  the  main  lobe 
width  corresponding  to  Rj.*  to  the  energy 
content  beyond  Rj.  on  either  side.  Let 
denote  the  ratio  of  the  energy  content  in 
image  impulse  beyond  2Rj.,  to  the  energy  lying 
within  2Rj.,  i.e. 

Energy  content  in  R^. 

Eg  =  - -  ,  and 

Energy  content  beyond  R^. 

Energy  content  beyond  2R,. 

Eb  =  . . - . 

Energy  content  within  2Rj. 

Here',  Eb  is  also  defined  as  integrated 
side-lobe  ratio  (ISLR)  .  Eg  will  be  expressed 
in  percentage  and  Eb  in  dB.  For  ideal  matched 
filtering,  in  case  of  pulse  compression,  Eg  is 
~73%  , whereas  Eb  is  ''  -10.0  dB.  The  sideiobe 

obtained  (-13.2  dB)  is  not  at  all  sufficient 
and  is  going  to  camouflage  the  weaker  targets. 
Hence,  some  means  of  reducing  the  sidelobes  is 
required  for  -SAR  imaging.  The  most  widely  used 
approach  is  to  employ  the  reference  signal 
weighting.  The  amplitude  of  the  reference 
function  is  weighted  appropriately  to  carry 
out  side-lobe  suppression  at  the  cost  of  main 
lobe  widening.  Various  weightings  like  Taylor, 
raised  cosine,  Dolph-Chebyshev  etc.  are 
suggested  and  their  impact  on  various  pulse 
compresion  output  parameters  are  analysed  much 
in  detail  in  literature  [ref.  1,3,4  ].  Type  of 
weighting  selected  is  generally  specific  to  an 
application  requirement.  An  optimum  weighting 
in  case  of  SAR  can  be  chosen  as  a  trade-off 
amongst  the  peak  side-lobe  improvement,  main 
lobe  widening,  misma-.ch  loss,  Eg  and  ISLR  of 
the  compressed  impulse  .response.  For  the 
present  analysis,  Hanning  weighting,  w(t), 
also  known  as  weighted  cosine  on  a 
pedestal, has  been  considered.  It  is  expressed 
by 

w(t)  =  tl,+(l-«i)  cos  (2TTt/T  ) 

-T/2  <  t  <  T/2 

where, 

TJ  is  the  Hanning  weighting  coefficient,  and 

T  is  the  transmitted  pulse  duration 

The  weighting  coefficient  ,  varies  from  0  to 
1.  Smaller  the  value  of  n,  heavier  is  the 
weighting.  Further,  as  is  obvious,  ij,  equal  to 
1  corresponds  to  an  unweighted  case. 

In  next  section,  the  effect  of  weighting  on 
various  SAR  image  quality  variables  i.s 
analysed  and  results  are  presented  with  an  aim 
to  arrive  at  an  optimum  range  of  Hanning 
weighting  coefficient,  rj,. 

3.0  Selection  of  Hanning  weighting  coefficient 

One  of  the  major  disadvantages  of  weighting 
is  the  broadening  of  the  mainlobe.  The 


variation  of  the  percentage  broadening  of  the 
3-dB  width  with  weighting  coefficient  n,  is 
shown  in  fig.  1.  As  the  3-  dB  width  broadens 


0.5  0.65  0.6  0.65  0.7  0  76  0.8  0  85  0.0  0.06  ) 

lighting  coefficient  (n) 

Fig.l  Variation  of  3  -  dB  main  lobe  width 
(  in  %  )  with 

by  more  than  50  %  for  H  around  0.5,  the  effect 
of  Hanning  weighting  on  various  image  quality 
parameters  has  been  analysed  for  0.5  <  n,  <  1.0 
only.  The  peak  side-lobe  level  variation  with 
n  is  plotted  in  fig. 2.  If  a  side-lobe  level  of 
better  than  -20  dB  is  required  ,  has  to  be 
less  than  0.77.  As  is  shown  in  figure,  the 
best  side-lobe  reduction  is  obtained  for  Yj  = 
0.54,  which  results  in  so  called  Hamming 
weighting  but  is  not  suitable  for  SAR  as  it 


Fig. 2  Variation  of  peak  side-lobe  level 
(in  dB  )  with  ri 

causes  a  main  lobe  broadening  of  ~50  %  . 

As  weighting  corresponds  to  a  mismatched 
condition,  SNR  is  going  to  be  degraded.  This 
SNR  degradation  is  termed  as  mismatch  loss  and 
its  variation  with  »i,  is  illustrated  in  fig,  3. 
As  image  SNR  is  very  significant,  more 
mismatch  loss  can  not  be  tolerated.  An  overall 
mismatch  loss  of  maximum  1  dB  (  including  both 
rsnc-  3ncJ  aTcsulw  in 

o.eVT  . . . 

As  the  side-lobe  is  suppressed  and  main 
lobe  is  broadened,  the  overall  energy 
distribution  of  the  image  impulse  response  is 
going  to  be  significantly  affected.  Let  -m  dB 
resolution  correspond  to  the  mainlobe  width 
specified  by  intensity  level  m  dB  below  the 
mainlobe  peak.  Fig.  4  shows  the  variation  of 


•  Mlameloh  loss  (  dB  ) 
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Fig.  3  Variation  of  mismatch  loss  with 

energy  distribution  for  various  -ra  dB 
resolutions  for  n  =0.7,  0.8  and  1.0.  A 

generalised  energy  distribution  parameter  E,. 
(m  db)  is  defined  as 


E|^(mdB)  = 


Energy  in  -m  dB  resin,  width 
Energy  outside  this  resin,  width 


r—  Energy  dlslrlbullon  (  E« )  In  dB 
eO| - 


I  -2.6  -3  -3.6  -« 

-TtvlB  resolution  point 


Fig. 4  Variation  of  energy  distribution 
E^  (  m  dB  )  with  ^ 

Fig. 4  clearl'y  shows  that  E,^  increases  with 
weighting.  Infact,  the  energy  distribution 


resolution,  even  if  the  mainlobe  broadens.  As 
explained  earlier,  Rf  represents  the  -3  dB 


*  Enerpy  dlslrlbullon  (  *  ) 
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Fig. 5  Variation  of  energy  distribution 
Ej,  with  Jt 

.  resolution  width  on  the  unweighted  image 
impulse  response.  If  the  -m  dB  reolution  of 
the  mainlobe  width  of  the  weighted  impulse 
response  is  kept  (  -3  dB  resolution  width 
for  n,  =  1.0  ),  the  energy  distribution  E^ 
shows  deterioration  with  increased  weighting. 
The  variation  of  E^  with  n.  is  plotted  in 
fig. 5.  It  clearly  indicates  that  for  n  <  0.7, 

Eg  falls  significantly.  It  is  found  that  for  Tl 
>  0.7,  Ea  is  reduced  by  less  than  5  %.  Hence’, 
%  >0.7  alters  the  energy  distribution  in  Rj- 
very  marginally.  The  resolution  in  case  of 
Hanning  weighting  (  iv  >  .7  )  can  equivalently 
be  defined  by  that  -m  dB  point  which 
corresponds  to  a  main  lobe  width  of  Ry  in  the 
weighted  image  impulse  response. 

ISLR  as  defined  by  Eb  is  one  of  the  other 
significant  image  parameter  which  now  needs  to 
be  analysed  for  weighted  condition.  The 
variation  of  ISLR  with  is  shown  in  fig.  6. 
When  weighting  is  nominal  (broadening  is 
less),  more  and  more  energy  is  pushed  inside 
the  main  lobe  resulting  in  ISLR  improvement 
which  is  maintained  upto  ti  =  ~0.7.  When 
weighting  is  heavier,  broadening  becomes 
significant  and  more  and  more  energy  starts 
occupying  the  area  beyond  BR^  in  the  main  lobe 
which  results  in  degradation  of  ISLR.  Hence, 
maximum  improvement  in  ISLR  is  obtained  for 
0.68  <  n,  <  0.78.  This  range  of  ni  gives  an  ISLR 
better  than  -14  dB. 


TABLE  - 


S.No. 

Image  Quality  Parameter 

Condition 

Range  of  n 

1. 

Pulse  broadening 

broadening  <  50  % 

0.54  <  n.  <  1.0 

2. 

Peak  side-lobe  level 

side-lobe  level  <  -20  dB 

n,  <  0.77 

3. 

Mismatch  loss 

<  0.5  dB  in  each  compression 

0.67  <  n.  <  1.0 

4. 

Energy  distribution  Eg 

degradation  <  5  % 

0.70  <  >v,  <  1.0 

5. 

TSLB  (  Ev  ' 

<  -14  dB 

0.68  <  n  <  0  78 

corresponding  to  -3dB  resolution  for  ri  -  1.0 
can  be  obtained  by  say  ~  -2.4  dB  resolution 
width  for  >1  =  0.8.  This  indicates  that  energy 
distribution  Ei(  -3dB  )  can  be  more  or  less 
maintained  by  weighting  for  the  same 


TABLE-I  summarises  the  discussions  in  this 
section.  It  lists  the  range  of  ^  obtained  for 
various  specified  conditions  associated  with 
the  image  quality  parameters.  Thus  ,  the 
optimum  range  of  Hanning  weighting 
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weighting  coefficient  (n) 


Fig. 6  Variation  of  ISLR  (  ) 

with  IX, 

coefficients  for  the  range  and  azimuth 
compression  for  S.^R,  which  satisfies  the 
various  image  quality  requirement  as  listed  in 
TABLE-I,is  obtained  as  follows  : 

0.70  <  n,  <  0.77 

4.0  Conclusion 

Impact  of  Hanning  weighting  on  various  SAR 
image  quality  parameters-  is  presented.  The 
range  of  Hanning  weighting  coefficients 
corresponding' to  a  specified  condition  for  the 
respective  image  quality  parameter,  is 
derived.  An  optimum  range  of  Hanning  weighting 
coefficient  ,0.70  <  <  0.77,  is  found 

appropriate  for  SAR  imaging  applications.  It 
is  found  that  for  this  range  of  »i  the 
resolution  in  case  of  weighted  condition  can 
equivalently  be  defined  by  that  -m  dB  point 
(  m  <  3  )  which  corresponds  to  a  main  lobe 
width  same  as  -3  dB  in  unweighted  condition. 
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ABSTRACT 

Two  Doppler  spectrum  parameters  namely 
Doppler  centroid  and  Doppler  rate  fully 
characterise  the  Doppler  phase  history  for  a 
spaceborne  SAR.  Their  estimate  is  important 
in  generating  azimuth  matched  filter  and  for 
Range  -Cell  Migration  (RCM)  correction.  The 
criteria  of  arriving  at  attitude 
determination  accuracy  and  tolerable 
attitude  drift  specification  for  a  spaceborne 
SAR  has  been  developed. 


TABLE  -  1 

System  Parameters  of  the  Conceptual 
C-band  Spaceborne  SAR 


Altitude  800  km. 


Frequency 


5.3  GHz  (  C-band  ) 


Off  Nadir  Look  20®  (SAR-1) 

Angle  350  (SAR-2) 


Swath 


70  km.  (SAR-1  &  SAR-2) 


Keywords:  SAP.,  RCM,  Doppler  Centroid,  Doppler 
Rate,  LFM,  Azimuth  Compression,  Matched 
Filter,  PRF,  -Attitude  Error,  Attitude  Drift, 
Localisation  Accuracy. 

Introduction 

Synthetic  Aperture  Radar  (SAR)  is  an 
imaging  sensor  where  fine  resolution  is 
obtained  by  appropriate  signal  processing 
schemes.  Fine  range  resolution  is  obtained  by 
transmitting  a  very  narrow  pulse  or  using 
pulse  compression  technique.  The  real  azimuth 
beamwidth  of  the  SAR  antenna  is  manifold 
larger  than  that  required  for  achieving  fine 
azimuth  resolution.  Fine  azimuth  resolution 
is  achieved  by  storing  the  Doppler  phase 
history  of  the  backscattered  signal  (which 
incidentally  is  the  same'  as  that  for  an  LFM 
signal)  and  by  correlating  with  the  expected 
phase  history.  This  sort  of  signal  processing 
is  known  as  'azimuth  compression  by  matched- 
filtering.  In  order  to  generate  proper 
matched  filter  coefficients  for  azimuth 
compression  and  also  to  correct  Range  Cell 
Migration  (RCM),  the  Doppler  frequency  has  to 
be  known  precisely.  Otherwise,  the  SAR  image 
will  be  defocussed  leading  to  image  quality 
degradation.  Two  Doppler  spectrum  parameters 
namely  Doppler  centroid  (fpc)  Doppler 
rate  (fpR)  fully  characterise  the  Doppler 
phase  history  of  a  point  target. 
Unfortunately,  they  are  not  constant  for  a 
particular  SAR  system  but  are  sensitive  func¬ 
tions  of  orbital  position  of  the  spaceborne 
SAR,  attitude  errors  and  misalignment  between 
electrical  a-'d  mechanical  axes  of  the  SAR 
antenna  aloug  azimuth.  So  both  fjjc  and  fpR 
are  to  be  estimated  for  every  image  scene  and 
their  estimation  accuracy  will  greatly 
dictate  the  image  quality.  Since  orbital 


Near  Swath  259  km.  (SAR-1) 

Ground  Range  545  km.  (SAR-2) 


Far  Swath  329  km.  (SAR-1) 

Ground  Range  615  km.  (SAR-2) 


Antenna 


12  m.  X  0. 8  m. 


PRF 


1500  Hz  -  1700  Hz 


Nominal  Satellite  7.45  km. /sec 
velocity 


Orbit  Inclination  98°  (with  equator  plane) 
Resolution  36  m.  x  36  m. 


No.  of  Looks  6 


parameters  are  known  fairly  accurately,  the 
estimation  error  in  attitude  parameters  and 
beam  misalignment  along  azimuth  will  dictate 
the  accuracy  of  Doppler  parameters  estimated. 
In  this  paper,  the  criteria  for  arriving  at 
measurement  accuracy  of  attitude  errors  and 
absolute  bound  of  attitude  drift  rate  have 
been  developed  and  the  required 
specifications  have  been  arrived  at  for  a 
conceptual  C-band  spaceborne  SAR  system, 
operating  in  two  modes  SAR-1  and  SAR-2  (look 
angles  20°  and  35°  respectively).  The  major 
system  parameters  of  the  same  are  listed  in 
Table  1.  As  a  corollary,  a  methodology  of 
arriving  at  SAR  image  pixel  location  from  the 
estimated  Doppler  centroid  and  orbital 
parameters  has  been  derived. 

Definition  of  Doppler  Spectrum  Pareuneters 

Since  the  Doppler  history  of  a  point 
target  follows  closely  as  that  of  an  LFM 


/ 
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signal,  the  Doppler  frequency  fjCt)  at  any 
aaimuth  time  t  can  be  expressed  as, 

fd(t)  =  fDC  +  fORt  :  -T/2  <  t  <  T/2  ..(1) 

where  T  is  aaimuth  aperture  time  and  t  =  0 
corresponting  to  the  passing  of  beam  centre 
line  over  the  target  [Fig.  1]). 

The  Doppler  centroid  (foc) 

Doppler  frequency  of  the  target  when  the  beam 
centre  line  passes  over  the  target.  Since  the 
received  Doppler  spectrum  is  weighted  by  the 
two  way  azimuth  antenna  pattern,  f^c  is  the 
frequency  corresponding  to  the  peak  of  the 
spectrum  or  the  central  frequency  of  the 
spectrum,  if  the  azimuth  antenna  pattern  is 
symmetric.  Doppler  rate  (ft/R)  is  the  chirp 
rate  corresponding  to  Doppler  LFM  signal.  As 
derived  in  refs.  [1]  &  [2]  fjjc  and  fpR  can  be 
expressed  as, 

fDC  =  -(2/7>R)[(Vt(0)  -  Vsc(0))-R(0)]  --(Z) 

fDR  =  -{2/;iR)[(VT(0)-Vsc<0))2  -  Asc(0).R(0)] 

..(3) 

where, 

Vt^  t)  =  velocity  vector  of  the  target 
Vgc(f)  velocity  vector  of  the  satellite 
R(t)  =  slant  range  to  T;he  target 
Asc^'f)  -  centripetal  acceleration  of  the 
satellite 

^  =  radar  wavelength 

The  above  expressions  of  fpc  snd  fpR  are 
sensitive  functions  of  orbital  position  of 
SAR,  the  attitude  parameters  and  beam 
misalignment  between  electrical  and 
mechanical  axes  in  the  azimuth  direction. 
However,  of  all  the  three  attitude 
parameters,  yaw  and  pitch  significantly 
influence  fpc  and  fpR.  The  roll  has 
negligible  effect  or.  them. 

Need  for  Estimation  of  Doppler  Centroid  and 
Doppler  Rate 

Doppler  centroid  and  Doppler  rate 
estimation  is  needed  to  generate  the  azimuth 
matched  filter  coefficients  and  also  to 
correct  ROM.  Let  the  received  Doppler  history 
of  a  target  be. 


h{t)  =  exp(  j27rfDC't  +  J^fDRf^  )  ..(4) 

-T/2  <  t  1  T/2 

So  the  corresponding  matched  filter 
function  is  given  by, 

h*(-t)  =  exp(  j2fffDct  -  J/rfDRt2  )  ;  ..(5) 

-T/2  <  t  i  T/2 

Hence,  both  fpc  ®ud  fpR  are  to  be 
estimated  to  generate  the  matched  filter 
function.  Since,  azimuth  phase  history  is 
sampled  at  PRF  rate,  only  aliased  fpc  i.e., 
fpc  modulo  PRF  only  is  needed  to  generate 
the  azimuth  matched  filter.  This  aliased  fpc 
can  be  estimated  by  spectral  analysis  of 
azimuth  data. 

Further,  the  slant  range  to  the  target 
R(t)  at  any  azimuth  time  t  [Fig.  1]  can  be 
expressed  as, 

R(t)  =  R(0)  -  ;^fDCt/2  -;nfDRt2/4  ;  ..(6) 

-T/2  <  t  1  T/2 

Eqn.  (6)  gives  the  estimate  of  RCM.  .In 
order  to  correct  both  range  walk  and  range 
curvature  (i.e.,  linear  and  quadratic 
components  of  RCM)  the  estimate  of 
unambiguous  f^c  and  fpR  is  required. 

Effects  of  Error  in  Estimation  of  Doppler 
Spectrum  Parameters 

An  error  in  the  estimate  of  fpc  will 
cause  a  degradation  in  SNR  and  AAR  (Azimuth 
Ambiguity  Ratio)  of  the  SAR  image.  Figs.  2  & 
3  show  the  degradation  in  SNR  and  AAR  for 
various  estimation  errors  in  fpc  for  the 
conceptual  SAR  system  under  consideration 
[Table  1].  AAR  degrades  more  compared  to  SNR 
for  same  error  in  f])c  estimation. 

Further,  for  multilook  processing  of  SAR 
data,  different  looks  will  be  misregistered 
along  range  due  to  inaccurate  range  walk 
correction.  The  misregistration  will  be 
maximum  between  extreme  looks.  The  net 
misregistration  Xj.  between  extreme  looks 
along  slant  range  for  fpc  estimation  error 
of  A  foe  is  given  by, 

Xr  =?»4fDcT/2  ..(7) 

where,  T  is  the  azimuth  aperture  time. 

With  erroneous  estimate  of  fpR,  the 
looks  will  be  misregistered  along  azimuth 
[1].  The  total  misregistration  will  be 
maximum  between  extreme  looks.  T.ie 
misregistration  x^j  between  extreme  looks 
along  azimuth  can  be  expressed  as, 

J^az  =  AfDR  T  Vg/fpR  .  .  (8) 

where, 

^fpR  =  accuracy  in  fpR  estimate  and 
V(3  -  ground  trace  velocity 

For  the  conceptual  SAR  system  under 
consideration,  for  1/6'*'"  pixel 

misregistration  between  extreme  looks,  the 
accuracy  requirement  in  fj)R  estimate  is 

1^  fpRl <  3.5  Hz/sec  (20°  look  angle) 
and  |A  ^DR|1  2.5  Hz/sec  (35°  look  angle) 
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ERROR  IN  OOPPLER  CENTROID  ESTIMATION  IN  Hz 
FIG.  2  .-  LOSS  IN  AAR  v*  Tpj  ESTIMATION  ERROR 
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ERROR  IN  OOPPLER  CENTROID  ESTIMATION  IN  Hz 
FIG. 3  LOSS  IN  SNR  vt  Toe  ESTIMATION  ERROR 


The  accuracy  requirement  in  estimate 
for  tolerable  misregistration  between  extreme 
looks  ip  much  more  stringent  than  that 
required  for  meeting  acceptable  quadratic 
phase  error  over  the  look  bandwidth  or 
acceptable  range  curvature  correction. 

Attitude  Estimation  Accuracy  Requirement 

For  the  C-band  SAR  under  consideration, 
the  above  mentioned  fpR  estimation  accuracy 
can  be  met  by  relaxed  accuracy  in  attitude 
estimate  of  the  order  of  1*^.  However,  to 
achieve  unambiguous  Doppler  centroid  estimate 
from  both  the  spectral  analysis  of  azimuth 
data  and  ancillary  information  ■  (which 
includes  both  attitude  and  orbit  data),  a 
much  more  stringent  attitude  estimation 
accuracy  is  called  for.  One  point  is  worth 
noting  :  the  requirement  of  attitude 
estimation  accuracy  for  unambiguous  fpQ 
estimation  with  the  above  mentioned  method  is 
comparatively  much  relaxed  than  that  for  fjjQ 
estimation  from  ancillary  data  alone.  The 
unambiguous  Doppler  centroid  can  be  estimated 
in  the  following  way. 

Let  f^DC  aliased  estimate  of 
Doppler  centroid  i  e. ,  fpc  modulo  FRF.  This 
can  be  obtained  by  correlating  the  two  way 
antenna  gain'  pattern  with  the  received 
Doppler  spectrum  or  by  finding  '.he  centroid 
of  the  Doppler  spectrum,  if  the  antenna 
pattern  is  symmetric.  For  generation  of  the 
matched  filter,  f^DC  is  sufficient.  In  order 
t'  carry  out  the  range  walk  correction, 
unambiguous  Doppler  centroid  is  to  be 
estimated.  So  unambiguous  Doppler  centroid  is 

fDC  =  ^^DC  ^  is  an  integer)  ..(9) 

Let  f^DC  ihe  Doppler  centroid 
estimated  from  attitude  and  orbit  data  only. 
The  value  of  n  (Eqn.  (9))  which  minimises  the 
expression  /f^DC  “  f^DC  ~  PKFl  is  the 
unambiguous  n  provided  the  following 
condition  is  met  : 

lAfDCl  =  |f"DC  -  fDcl  <  PRF/2  ..(10) 

From  Fig.  1  and  eqn.  (2), 


lAfDc\  =  (2/>R)lA(Vsc(0).R(0))l 

[Orbital  position  data  gives  fairly  accurate 
estimate  of  the  term  -(2/7v  R)Vt(O)  .R(0)  in 
eqn.  (2)3 

Or,|AfDcl  =  (2/?>)  VsclAcfl 

By  eqn.(lO)  |A0C|  <  ( PRF)/(4  Vse)  ..(11) 

where,  40c  is  the  estimation  accuracy  of 
azimuth  beam  pointing  angle  [Flg.l]. 

But,  FRF  >  (2/^)Vsc©az  =  Doppler  bandwidth 

where,  ©ag  is  3dB  azimuth  beamwidth 

Hence,  |ACC|  <  ©az/2  ..(12) 

If  A©  be  the  attitude  estimation 
accuracy  and  A0  be  the  accuracy  of  beam 
misalignment  along  azimuth, 

lAoCl  =  (S+Rh)|A©1/R  +|A0l  1  (©as/2)  ..(13) 

where,  S  =  off  nadir  ground  range,  and 
Rh  =  altitude  of  the  satellite 

For  the  C-band  spaceborne  SAR  under 
consideration,  |A0CI  <  0.12® 

From  eqn.  (13)  it  can  be  concluded  that 
the  attitude  estimation  accuracy  requirement 
is  also  dependent  upon  the  accuracy  with 
which  beam  misalignment  along  azimuth  can  be 
measured. 

For  a  C-band  SAR,  the  attitude 

e.stimation  accuracy  requirement  is  driven  by 
the  requirement  of  unambiguous  Doppler 

centroid  estimation.  However,  for  a  system  in 
L-band  (1.275  GHz),  with  rest  of  the  system 
parameters  identical  to  those  in  Table  1,  due 
to  large  aperture  time  the  attitude 

estimation  accuracy  will  be  governed  by 
Doppler  rate  estimation  accuracy  requirement. 
The  attitude  estimation  accuracy  for  the  said 
L-band  system  is  of  the  order  of  0.25®  for 
1/6^^  pixel  misregistration.  Whereas,  for  the 
same  system  |A«Cll  0.5®  from  unambiguous  fpc 
estimation  requirement. 

For  the  conceptual  C-band  SAR  under 
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consideration,  if  the  condition  laid  djMn  in 
eqn.  (13)  is  not  met,  due  to  poor  estimation 
accuracy  of  attitude  and  beam  misalignment, 
the  clutterlock  technique  has  to  be  employed 
to  estimate  fpc  unambiguously.  In  this 
method  the  residual  ambiguity  in  the  fee 
estimate  is  inferred  by  measuring  the 
misregistration  of  extreme  looks  along  range 
using  eqn.  (7).  However,  clutterlock 
technique  may  fail  for  imaging  over  uniform 
terrain  or  ocean  due  to  the  failure  of 
detection  of  misregistration. 

Attitude  Drift  Rate  Requirement 

The  attitude  drift  rate  does  not  affect 
fpR  since  it  is  dependent  upon  the  relative 
location  of  the  target  with  respect  to  SAR. 
But  unlike  the  optical  sensors,  the  attitude 
drift  does  not  cause  relative  location  error 
between  the  targets  within  the  same  scene. 
Assume  two  targets  which  are  separated  along 
azimuth  but  lying  in  the  same  range  gate.  The 
azimuth  time  difference  corresponding  to  beam 
centre  line  crossing  over  the  two  targets 
will  be  different  for  the  attitude  drift  case 
than  that  in  the  non-drift  case.  Also,  the 
Doppler  centroid  for  the  two  targets  will  be 
different  due  to  different  attitude  values 
when  the  beam  centre  line  passes  over  them. 
However,  when  they  are  processed  as  part  of 
the  same  scene,  identical  fpc  figure  is  used 
for  azimuth  compression.  So  the  two  targets 
will  drift  relatively  in  azimuth  time  due  to 
the  mismatch  in  their  corresponding  fpc 
values  from  the  fpc  value  used  for 
compression  and  this  will  exactly  compensate 
the  change  in  timing  difference  in  azimuth 
corresponding  to  beam  centre  line  passing 
over  them.  So  after  processing,  the  two 
targets  will  appear  relative  two  each  other 
as  if  the  satellite  was  not  drifting  in 
attitude. 

The  drift  in  the  attitude  of  the 
satellite  will  change  the  ground  trace  speed 
of  the  antenna  beam  over  a  target  from  the 
non-drifting  case  and  consequently  change  the 
aperture  time.  Since  fpR  remains  constant, 
the  Doppler  bandwidth  will  change  in  the  same 
proportion  of  the  change  in  aperture  time. 
The  required  attitude  drift  rate 
specification  for  1%  change  in  the  Doppler 
bandwidth  for  the  C-band  SAR  under 
consideration  is 

attitude  drift  <  3.0  x  10"^  ■'’/sec 
(  20®  Look  Angle  ) 

<  2.3  X  10‘3  ®/sec 
(  35®  Look  Angle  ) 

The  above  result  is  interestingly 
independent  of  SAR  frequency  but  dependent 
upon  the  system  geometry. 

Pixel  Location  from  Doppler  Centroid  Estimate 

The  Doppler  centroid  can  be  expressed  as 
a  function  of  the  projection  of  the  slant 
range  vector  along  azimuth.  The  pixel 
location  in  the  SAR  imagery  along  azimuth 
from  the  broad  side  line  passing  through  the 
nadir  point  when  the  beam  centre  line  passes 
over  the  target,  can  be  obtained  precisely 
from  the  unambiguous  Doppler  centroid 
estimate.  In  fact  this  accuracy  will  be 
limited  mainly  by  the  accuracy  of  aliased  f^c 


estimate  by  spectral  analysis  and  the  orbit 
accuracy  which  is  the  same  for  nadir  point 
location  accuracy.  The  localisation  accuracy 
along  azimuth  is  given  by 

l/iSagl  =>Rl/ifDcl/(2  Vse)  +lASnadlrl  •■d'i) 

where , 

l^fDcl  -  Doppler  centroid  estimation 
accuracy 

|ASr,Q(jj[^^t  =  Nadir  point  location  accuracy 
or  orbit  accuracy 

Assuming AfDc=+50  Ha  and  AS^adir  =±0-5 
km.,  for  the  C-band  SAR  under  consideration, 

<  0.7  km. 

biiicB  the  received  signal  is  time  gated 
along  range  precisely,  the  location  accuracy 
in  the  broadside  direction  will  be  mainly 
limited  by  nadir  point  location  accuracy.  In 
this  particular  case,  the  localisation 
accuracy  along  broadside  will  be  0.5  km.  same 
as  nadir  point  location  accuracy. 

Conclusion 

In  this  paper,  two  main  Doppler  spectrum 
parameters  namely  Doppler  centroid  .  and 
Doppler  rate  have  been  defined  and  their 
importance  in  SAR  azimuth  compression  has 
been  brought  forth.  Further,  the  criteria  of 
arriving  at  required  attitude  estimation 
accuracy  and  tolerable  attitude  drift  rate 
specification  have  been  arrived  at.  The 
requisite  attitude  specifications  have  been 
derived  for  a  conceptual  C-band  SAR.  It  has 
also  been  explained  that  unlike  the 
spaceborne  optical  imaging  system,  the 
attitude  drift  does  not  pose  problem  of 
relative  location  error  along  azimuth 
direction  for  a  spaceborne  SAR.  Further,  a 
methodology  of  determining  SAR  image  pixel 
location  using  Doppler  centroid  estimate  and 
range  gating  information  has  been  suggested. 
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ABSTRACT 

Images  of  an  airborne,  scanning  radiometer 
operating  at  a  frequency  of  98  GHz,  have  been 
analyzed.  The  mm-uave  images  were  obtained  in 
1985/1986  using  the  JPL  mm-wave  imaging  sensor. 

The  goal  of  this  study  was  to  enhance  the 
information  content  of  these  images  and  make  their 
interpretation  easier  for  human  analysis.  In  this 
study,  a  visual  interpretative  approach  was  used 
for  information  extraction  from  the  images.  This 
included  application  of  nonlinear  transform 
techniques  for  noise  reduction  and  for  color, 
contrast  and  edge  enhancement.  Results  of  the 
techniques  on  selected  mm-wave  images  will  be 
presented. 


INTRODUCTION 

Images  of  an  airborne,  scanning  radiometer 
operating  at  a  frequency  of  98  GHz,  have  been 
analyzed.  The  mm-wave  Images  were  obtained  in 
1985/1986  using  the  JPL  mm-wave  imaging  sensor. 

This  sensor  has  a  0.5°  beamwidth  antenna  which  is 
mechanically  scanned  ±22°  across  the  flight  track. 
The  bean  is  stabilized  to  correct  for  aircraft 
movement  due  to  turbulence  and  uses  a  butterfly 
scanning  pattern  to  produce  a. linear  raster  scan 
pattern  on  the  ground.  This  feature  allows  the  mm- 
wave  image  to  be  displayed  in  real-time.  The 
operational  frequency  of  98  GHz  was  chosen  to  give 
the  smallest  spatial  resolution  with  the  best  poor 
weather  performance.  At  an  altitude  of  750  m,  a 
ground  resolution  of  7  m  was  obtained  with  a  scan 
width  of  620  m. 

Passive  millimeter-wave  sensors  are  very 
useful  for  remote  sensing  because  they  provide 
information  unique  to  this  wavelength.  Since  the 
mm-wave  emission  is  directly  proportional  to  the 
emisslvity  of  the  object,  the  images  can  show  very 
large  contrasts.  They  also  provide  information 
during  conditions  of  foggy  snd  cloudy  wssthor  when 
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visual  and  IR  sensors  are  unusable.  One  of  the 
main  advantages  of  the  passive  mm-wave  imager,  is 
that  the  interpretation  of  these  images  by  human 
operators  is  similar  to  the  interpretation  of 
visual  and  IR  images  because  of  the  high 
correlation  between  the  intensities  of  adjacent 
points.  This  is  in  contrast  to  radar  images  which 
are  complicated  by  speckle,  polarization  and  edge 
backscatter  effects.  However,  one  of  the 
limitations  of  the  passive  mm-wave  sensor  is  that 
it  does  not  have  the  fine  spatial  resolution  of 
visual  and  IR  imagers.  The  goal  of  this  study  was 
to  enhance  the  information  content  of  these  mm-wave 
images  to  help  in  their  interpretation.  Image 
processing  techniques  which  were  found  to  be  most 
useful,  especially  for  real-time  analysis,  were  the 
choice  of  the  false  color  map,  smoothing  for  noise 
reduction,  nonlinear  modification  of  the  brightness 
temperature  histogram  for  contrast  enhancement,  and 
edge  enhancement  for  detection  of  small  features. 
The  display  of  the  original  mm-wave  data  along  with 
the  contrast  enhanced  and  the  edge  detection  images 
appears  to  be  a  good  combination  to  assist  an 
observer  in  the  interpretation  of  the  data. 

Allowing  the  observer  to  quickly  adjust  the  color 
scale  and  gain  factors,  using  their  intuition  to 
bring  out  the  details,  is  also  very  helpful. 


FALSE  COLOR  ENHANCEMENT 

The  motivation  for  using  color  in  image 
processing  is  the  fact  that  the  human  eye  can 
discern  thousands  of  color  shades  and  intensities. 
This  is  in  sharp  contrast  with  the  eye's  relatively 
poor  performance  with  gray  levels.  Only  about  16 
shades  of  gray  are  detectable  at  any  one  point  in 
an  image  by  the  average  observer.  Therefore,  a 
color  display  has  the  capacity  to  convey  much  more 
information  than  an  achromatic  display  and  has  the 
potential  for  improving  the  interpretation  of 
images. 

A  careful  selection  of  the  false  color  scale 
for  the  brightness  temperature  range  is  an 
important  item  in  the  interpretation  of  the  mm-wave 
image.  Letting  the  observer  adjust  the  color  scale 
and  temperature  range  in  real-time,  gives  excellent 
results  in  this  analysis.  One  way  to  think  of  this 
is  that  each  observer  has  a  matched  filter  in  his 
brain  to  process  information,  and  being  able  to 
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change  Che  color  scale  Co  maCch  Chis  fllcer,  will 
maximize  Che  informacion  cransfer  becween  Che 
observer  and  Che  compuCer.  Choosing  Che  color 
scale  CO  appear  .similar  Co  visual  images  seems  Co 
be  one  of  Che  besc  choices  Co  give  Che  observer  Che 
besc  informacion  Cransfer. 

The  key  Co  selecclng  Che  besc  color  scale  is 
Che  ablllcy  Co  do  chis  quickly  and  easily.  In  our 
currenc  daca  reducclon  sysCemi  Che  color  scale 
offsec  (che  posicion  of  Che  color  map  on  Che 
brighcness  cemperacure  scale)  and  che  gain  (che 
spread  of  colors  vs  brighcness  cemperacure)  are 
quickly  adjusced  wlch  a  Crack  ball  co  give  che  besc 
image.  Thus  in  a  few  minuces  che  besc  colors  can 
be  selecCed  by  each  observer,  and  only  minor 
changes  are  required  for  differenc  Images. 

SMOOTHING 

Smooching  of  Che  image  daca  reduces  Che  random 
noise  and  ocher  spurious  effeccs  chac  may  be 
presenc  in  an  image  as  a  resulc  of  sampling, 
quancizacion  or  dlsCurbances  during  image 
acqulslclon.  These  algorichms  provide  a  beccer 
signal-co-noise  racio  especially  for  discribuCed 
cargecs.'  However,  Che  spacial  resoluclon  will  be 
degraded  and  che  edges  are  blurred.  Three 
differenc  smooching  algorichms  were  used  on  our  mm- 
wave  daCa:  a  moving  average,  a  median  fllcer  in 
Che  spaclal  domain,  and  a  low  pass  fllcer  in  che 
spacial  frequency  domain. 

A  comparison  of  Chese  algorichms  shows  only 
small  differences.  Thus  ic  was  concluded  chaC  che 
median  fllcer,  which  is  easier  co  implemenc  for 
real  elme  processing,  is  che  besc  smooching  fllcer 
CO  use  in  che  mm-wave  image  processing,  because  of 
che  beCCer  edge  preserving  propercies. 

BRIGHTNESS  TEMPERATURE  HISTOGRAM  MODIFICATION 

Techniques  of  image  enhancemenc  have  Che  goal 
CO  improve  Che  visual  appearance  of  an  image  and  Co 
converc  Che  image  co  a  form  more  amenable  Co  human 
and  machine  analysis.  UnforCunacely,  aC  Che 
presenc  clme  chere  exisCs  no  unifying  Cheory  of 
image  enhancemenc  since  Ic  is  dlfficulc  Co  define  a 
crlCerion  characcerizing  a  "good  qualify"  image. 

One  possible  reason  lies  in  Cl)e  mulclpllclcy  of 
applicacion  fields.  In  our  case,  a  ccchnlque  which 
was  found  very  useful,  was  Co  equalize  che 
brighcness  cemperacure  hiscogram  equallzaCion  or 
conCrasC  enhancemenc  (Fracc,  1978).  This  mechod  is 
described  in  Fig.  1.  The  grey  value  hiscogram  of 
Che  original  image,  which  may  have  .many  of  Ics 
pixels  in  a  narrow  cemperacure  range,  is  mapped 
Inco  a  hiscogram  wlch  a  nearly  uniform  discribucion 
across  che  encire  cemperacure  range.  Afcer  Chis 
modlflcaclon,  che  cumulacive  discribucion  would  be 
nearly  a  scralghc  line.  This  means  ChaC  an  Inlcial 
grey  level  Incerval  wlch  a  high  populacion  will 
cause  a  larger  sCreCch  of  che  oucpuc  grey  levels 
Chan  an  InCerval  wlch  a  lower  populacion. 

The  processing  enhances  larger  areas  while 
suppressing  smaller  objeccs.  This  resulcanc  image 
is  especially  useful  for  enhancing  dlscribuCed 
cargecs  and  IdenClfying  large  scale  geographic 
feacures  such  as  Cypes  of  vegecaclon,  roads,  and 
hills.  However,  Chis  cechnlque  suppresses  small 
cargecs  wich  only  a  few  pixels. 


Fig.  1.  Diagram  explaining  Che  brighcness 

Cemperacure  hiscogram,  H(T),  modJfl- 
cacion  for  che  conCrasC  enhancemenc 
algorichm. 


EDGE  DETECTION 

In  mm-wave  images,  boundaries  of  objeecs 
appear  as  brighcness  cemperacure  or  incensicy 
dlsconclnuicles.  For  che  human  observer,  an  objecC 
can  ofeen  be  recognized  from  only  a  crude  oucllne. 
To  enhance  Che  small  objeccs  and  edges  wlch  high 
brighcness  cemperacure  conCrasCs  in  che  mm-wave 
image,  special  edge  enhancemenc  algorichms  are 
used.  Two  algorichms  from  Che  main  class  of 
gradlenc  and  cemplace  macching  operacors  cried  on 
chis  mm-wave  daCa,  were  che  Laplace  and  Che  Sobel 
operacors.  These  operaCors  reduce  che  cemperacure 
of  all  che  pixels,  excepC  chose  on  che  border  of  a 
cemperacure  dlsconcinulcy.  The  cemperacure 
increase  aC  Che  objecC  is  proporcional  Co  Che 
degree  of  Che  cransicion.  Thus  cold  spocs  Curn 
inco  hoc  doughnucs.  The  advanCage  of  Chis 
algorichm  is  ChaC  ic  enhances  small  decalls  ChaC 
may  noC  have  been  obvious  on  a  uniform  background. 
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Airborne  Infrared  imaging  has  been  employed  for  forest  fire  detection  and 
mapping  for  some  time.  Infrared  remote  sensing,  sensitive  to  thermal  emitted 
radiation  potentially  provides  detection  and  quantlficclon  of  fire  targets  that 
may  not  be  visually  apparent  or  that  are  obscurred  by  smoke. 

Cost  effective  fire  mapping  requires  the  timely  detection,  location  and 
quantification  of  fire  targets  ranging  from  smoldering  hot  spots  Co  open  flame 
fire  fronts.  Additionally  these  data  must  be  recorded  and  transmitted  to  the 
fire  manager  efficiently  to  provide  effective  fire  treatment. 

Currently  many  fire  mapping  systems  using  primarily  analog  techniques  are 
limited  both  In  detection  and  In  the  medium  to  record  and  transmit  data  to  Che 
fire  manager.  Typically  single  or  dual  wavelength  Infrared  sensors  image  the 
background  terrain  and  the  fire  targets  to  a  real  time  monochrome  hard  copy. 

The  hard  copy  which  Is  used  for  both  navigation,  by  terrain  feature  matching, 
and  fire  mapping  Is  limited  In  dynamic  range  with  respect  to  the  detectors  for 
quantification  of  the  fire  targets.  Where  dual  wavelength  sensors  are  used 
generally  the  short  wavelength  detector  is  set  such  that  a  signal  above  a 
threshold  level  Identifies  a  potential  ihe  anomally.  Detection  is  limited  by 
the  background  thermal  variation  to  targets  with  emission  signals  above  this 
level.  Spectral  processing  to  reduce  this  background  noise  Is  not  attempted. 

Innocech  Aviation,  Remote  Sensing  Division  has  applied  airborne  digital 
imaging  and  real  time  Image  analysis  and  enhancements  to  commercial  fire 
detection  and  mapping.  The  application  of  .this  technology,  developed  by  the 
Canada  Centre  for  Remote  Sensing,  has  been  demonstrated  by  Innocech  under 
contract  to  the  U.S.  Forestry  Service  during  September  of  1988.  Innocech  used 
Its  Falcon  20  aircraft  fitted  with  the  standard  sensor  compliment  to  provide 
seventeen. missions  In  Idaho,  Washington  and  Oregon. 

The  primary  sensor  for  fire  mapping  applications  Is  a  modified  Daedalus 
1260  MSS  using  IR  detectors  at  A  and  10  micrometres  wavelength.  Auxiliary 
systems  Include  the  Alice  11  real  time  Image  processor  and  display,  an  Inertial 
navigation  system,  MAID  data  processor  and  a  high  density  digital  cape  recorder 
(HDDT).  The  8. bit  digital  dual  band  infrared  images  with  navigation  data 
overlay  are  recorded  on  high  density  cape,  output  to  the  Alice  II  display  and 
recorded  on  video  cassette.  This  format  provides  for  access  to  the  full  spatial 
resolution  of  the  data  and  the  digital  sensor  dynamic  range  by  using  standard 
image  enhancement  techniques  of  contrast  stretch,  histogram  equalization,  frame 
freeze  and  zoom  enlargement.  Colour  Image  data  are  displayed  on  the  aircraft 
high  resolution  colour  monitor  and  recorded  on  the  video  cassette  both  during 
acquisition  and  during  reproduction  from  the  aircraft  HDDT. 

Colour  encoding  of  the  dusl  band  Imagery  utilizes  correlation  of 
vegetation  emlsslvitles  at  A  and  10  mlcomecres  to  reduce  detection  llmllutlons 
due  CO  Che  background  thermal  noise  and  to  provide  a  high  contrast  grey  cone 
background  Image.  The  fire  targets  are  presented  In  shades  of  red/plnk  through 
white  depending  on  the  thermal  Intensity.  Colour  separation  Is  dependent  on  Che 
differential  Increase  In  spectral  black  body  emission  at  A  vs.  10  micrometres 
for  the  higher  temperature  sources.  The  video  navigation  data  overlay  provides 
Image  location  and  scaling  for  accurate  geographic  plotting  of  the  fire 
targets. 

The  technology  provides  enhanced  commercial,  product  easily  interpretable 
In  terms  of  hot  spot/fire  Intensities  on  a  high  quality  background  terrain 
Image. 
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ABSTRACT 

Images  of  coastlines  generated  by  Synthetic 
Aperture  Radars  (SAR)  suffer  from  a  number  of 
deficiencies  which  arise  from  the  presence  of  the 
speckle  effect  and  the  strong  signal  return  from  a 
wind  roughened,  wave  modulated  sea.  The  frequent  lack 
of  contrast  caused  by  these  effects  makes  coastline 
detection  difficult  by  most  conventional  procedures 
such  as,  gray  level  thresholding  or  segmentation  by 
edge  detection.  This  paper  describes  an  algorithm  for 
the  global  detection  of  coastlines  based  on  a  sequence 
of  basic  Image  processing  procedures  and  a  new  edge 
tracing  algorithm.  The  application  of  the  proposed 
procedure  to  SEASAT  SAR  and  SIR-B  (Shuttle  Imaging 
Radar  B)  Images  demonstrates  that  It  achieves  good 
performance  with  only  a  modest  computational  burden. 
The  computational  burden  can  potentially  be  reduced  to 
a  level  permitting  a  near  real  time  performance  In  the 
sense  of  completing  computations  within  a  few  frame 
times  of  typical  Image  displays. 

Keywords:  Coastline  detection,  SAR,  Edge  tracing. 
Image  segmentation. 

1  I  I .  INTRODUCTION 

Unsupervised  coastline  detection  In  SAR  Images 
Is  an  Important  step  toward  computer  scene 
description.  Knowledge  of  coastline  Is  valuable  In 
activities  such  as  autonomous  navigation,  verification 
of  radar  platform's  attitude  and  position,  geolocatlon 
of  targets  (e.g.  ships),  etc.  Coastline  detection  In 
SAR  Images  Is  not,  however,  as  simple  a  procedure  as 
It  Is,  for  Instance,  In  photographic  or  Landsat 
Thematic  Mapper  (TM)  Images.  In  the  latter  case, 
especially  In  Band  4  Images,  a  simple  act  of 
thresholding  followed  by  edge  detection  will 

effectively  extract  the  coastline  from  the  Image. 
The  difficulties  In  SAR  Images  are  associated  with  the 
nature  of  the  signal  return  from  the  ocean  and  land 
areas.  The  return  from  the  wind  roughened  and  wave 
modulated  water  can  frequently  equal  or  exceed  the 

Inadequate  contrast  for  unambiguous  separation. 

Furthermore,  the  presence  of  the  speckle  effect, 
generated  by  the  coherent  signal  scattering  within  SAR 
resolution  elements,  complicates  the  detection 

problem.  As  a  consequence,  Che  coastline  In  many  SAR 
Images  Is  so  Indistinct  that  even  experienced 
observers  have  difficulties  discerning  It  without  the 
aid  of  a  topographic  map  or  other  geographic 
knowledge . 


Problems  associated  with  coastline  detection  In 
SAR  Images  have  been  considered  In  studies  such  as 
(1).  In  the  latter  digital  contour  maps  are  used  to 
simulate  a  SAR  Image,  and  then  the  coastline  Is 
defined  by  matching  Che  simulated  SAR  Image  with  the 
one  under  investigation.  The  purpose  of  this  paper  is 
CO  describe  a  simpler  method  for  detecting  coastlines 
with  reasonable  accuracy.  Coastline  detection  is  in 
the  class  of  boundary  detection  problems.  Similar 
problems  have  been  encountered  In  areas  such  as,  the 
determination  of  chest  and  heart  boundaries  in 
radiographs  and  cineanglograms  [2]  as  well  as  object 
recognition  in  various  remotely  sensed  images.  The 
algorithms  developed  in  these  studies  are  problem 
dependent.  Specific  knowledge  concerning  the  boundary 
Is  used  to  form  rules  which  guide  the  grouping  of 
pixels  Into  boundaries.  We  have  examined  many  SAR 
images  containing  coastlines  and  observe  that  Che 
ocean  areas,  in  general,  are  more  homogeneous  in  gray 
level  (fewer  edge  elements)  than  the  land  areas.  The 
difficulty  in  using  edge  maps  in  defining  a  boundary 
Is  that  the  strong  edges  are  not  continuous.  The 
boundary  tracing  by  edges  is  an  untractable 
programming  problem  which,  even  In  a  crude 
approximation.  Is  very  computationally  intensive  [3]. 
The  local  edge  tracing  in  coastline  detection  must  be 
guided  by  the  global  Information  about  the  coastline, 
that  Is,  Information  extending  over  the  whole  Image.. 
Hence,  the  first  step  Is  to  obtain  a  rough  separation 
between  the  land  and  water.  Refinement  Is  then  made 
in  the  neighborhood  of  the  roughly  defined  boundaries. 

1 

The  development  of  the  coastline  detection 
algorithm  in  this  paper  Is  covered  In  the  following 
sections.  A  SEASAT  SAR  Image  of  Chesapeake  Bay  area 
(Fig.  1  (A))  processed  at  four  looks  Is  used  to 
Illustrate  the  algorithm  development.  In  section  II 
a  simple  speckle  smooching  algorithm  (4)  Is  applied  to 
reduce  speckle  while  retaining  major  edge  features. 
A  global  ocean  and  land  detection  a..gorlthr.  Is 
described  in  Section  III.  Section  IV  is  devoted  to 
the  cough  coastline  detection  and  the  description  of 
a  contour  tracing  algorithm.  The  refinement  of  the 
detected  coastline  is  carried  out  In  Section  V. 
Section  VI  Is  devoted  to  remarks  and  discussions. 


II.  PRE-PROCESSING  BY  SPECKLE  REDUCTION 

It  Is  well  known  that  speckle  appearing  In  SAR 
Images  Impedes  the  Interpretation  of  Che  image  either 
by  a  human  operator  or  a  computer.  Several  algorithms 
[4-6]  based  on  the  multiplicative  noise  model  of  the 
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(D)  5x5  mean  filter  (twice)  (E)  Histograifi  of  (D)  (Pj  Threshold  applied  on  (E) 

Fig.  1  SEASAT  SAR  image  of  Chesapeake  Bay  is  used  to  illustrate  the 
procedure  of  coastline  detection 


speckle  effect  have  been  developed  to  smooth  the 
speckle  noise  without  degrading  the  sharpness  of  the 
major  edges  in  the  image.  The  sigma  filter  (4)  is 
selected  for  this  purpose.  The  basic  relation  of  this 
model  is  given  by 

Zi.4  “  Xjj  and  i/i_j  -  (l,a‘) 

where  Zj_j  is  the  gray  level  of  the  observed  SAR  pixel, 
Xi_j  is  its  ideal  or  noise  free  counterpart  and  i/j  j  is 
the  noise  characterized  by  a  distribution  with  mean-1 
and  variance,  o'.  It  has  been  shown  (5),  (7)  that 
this  model  fits  the  speckle  distribution  quite 
accurs..ely.  For  1-look  amplitude  SAR  images.  <7-0.52 
and  for  4-look  amplitude  Images,  <7-0.25. 

The  sigma  filter  used  in  this  study  employed  a 
5x5  or  7x7  moving  window.  A  filtered  pixel  value  is 
represented  by  an  average  of  those  pixels  within  the 
range  of  two  standard  deviations  (two-sigma)  of  the 
center  pixel.  For  SAR  images  (multiplicative  noise), 
the  two  sigma  range  is  given  by 

(  Ej  j  -  2<7Zi  j,  Zi_j  +  2<7Zj_j  ). 

Details  of  this  procedure  are  described  in  (4).  The 
result  of  smoothing  the  image  twice  with  a  5x5  window 
is  shown  in  Fig.  1(B).  The  speckle  has  been  reduced 
considerably  while  coastline  edges  remain  unaffected. 
It  is  impossible  to  segment  either  Fig.  1(A)  or  Fig. 
1(B)  by  gray  level  thresholding,  since  many  land  areas 
have  lower  gray  levels  than  some  of  the  ocean  areas. 
However,  the  edge  map  generated  with  the  Sobcl  edge 
operator  [9]  (Fig.  i(C))  reveals  great  promise  in 
separating  the  land  from  the  sea. 


III.  sea  and  und  detection 

To  link  the  coastline  edges  displayed  in  Fig. 
1(C)  is  not  a  simple  cask.  As  can  be  seen,  gaps  exist 
in  coastline  and  some  strong  edges  would  mislead  the 
tracing  into  the  inland  area.  For  this  reason  a 
simple  procedure  is  implemented  which  generates  an 
approximation  to  the  land  boundary.  The  edge  map  of 
Fig  1(C)  is  dilated  by  applying  a  5x5  mean  filter 
twice  (Fig.  1(D)).  The  histogram  of  the  latter  image 
is  then  computed  and  displayed  in  Fig.  1(E).  Assume 
at  this  point  that  at  least  10%  of  the  total  number  of 
pixels  belong  to  the  land  or  the  sea.  Since  the  sea 
area  is  more  homogeneous  than  the  land  area,  Che 
corresponding  pixels  will  peak  around  the  lover  gray 
levels.  Furthermore,  the  averaging  operation 
performed  on  Fig.  1(C)  makes  the  sen  pixels  in  Fig. 
1(D)  normally  distributed.  The  mean  and  the  standard 
deviation  of  the  truncated  normal  distribution  are 
estimated  according  to  the  procedure  in  (8).  A 
threshold  is  then  set  at  (mean  +  2x  (standard 
deviation)).  The  result  of  this  operation  is  shown  in 
Fig.  1(F).  The  land  and  Che  sea  can  be  readily 
distinguished  by  further  eliminating  Che  small  blobs 
in  both  areas.  In  Che  next  section,  the  coastline 
will  be  defined  by  a  newly  devised  tracing  algorithm. 


IV  PRELIMINARY  COASTLINE  TRACING 

There  exists  a  rich  literature  on  various  edge 
following  techniques.  For  instance,  the  end-point 
method  can  be  applied  to  the  problem  with  low 
curvature  edges.  The  Hough  transform  is  suitable  for 
the  detection  of  straight  edges  or  edges  of  a 
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(D)  Apply  mean  filter  on  (C) 
and  threshold 


(E)Refined  coastline  detected  (F) Coastline (E)  overlays  lA 
Fig.  2  Coastline  tracing  and  refinement 


particular  shape.  Under  appropriate  conditions  even 
dynamic  programming  techniques  can  be  used  (8).  In 
the  present  application,  since  the  land  and  sea  are 
well  separated  as  shown  in  Fig.  1(F),  the  following 
approach  suggest  itself.  Data  in  Fig.  1(F)  are 
operated  upon  by  the  Robert's  edge  operator  and  the 
result  is  shown  in  Fig.  2(A).  The  reason  for  applying 
Robert's  operator  (9)  is  that  the  edges  generated  are 
one  pixel  wide  which  makes  edge  tracing  more  precise. 
Since  the  edge  map  is  obtained  from  the  thresholdcd 
image,  the  coastline  in  the  edge  map  will  be 
continuous.  The  following  procedure  is  then  used  to 
trace  the  coastline. 


STEP  1. 

Since  the  areas  of  interest  in  Fig.  1(F)  are 
reasonably  well  defined  one  can  proceed  to  scan  the 
image  starting  in  a  sea  area  until  a  potential  land 
pixel  is  located. 


Fig.  3  Directional  index 


STEP  2. 

From  this  pixel,  find  the  E-connected  neighboring  edge 
points  and  use  one  of  the  8-connecCed  pixels  to  define 
the  starting  tracing  direction.  Eight  tracing 
directions  arc  allowed  as  indicated  in  Fig.  3.  The 
starting  pixel  and  the  edge  pixel  (current  pixel), 
which  define  the  tracing  direction,  are  written  to  the 
output  coastline  image  and  the  previous  starting  pixel 
is  removed  from  further  consideration. 


Fig.  4  Directional  masks 


STEP  3. 

The  next  coastline  pixel  is  chosen  from  the  current 
pixel  in  the  tracing  direction.  Only  pixels 
associated  with  each  direction  index  are  considered  as 
candidates.  They  are  shown  as  square  boxes  in  Fig.  4 
where  the  pixel  marked  with  x  is  the  current  pixel  and 
(0, 1,2, 3, 4, 5,6,7, )  are  direction  indices. 

Ifthere  is  more  chan  one  candidate  pixel  available, 
this  procedure  will  carry  one  step  further  to 
determine  it  a  new  edge  pixel  exists.  If  it  does,  the 
new  coastline  pixel  is  found  and  the  tracing 
continues.  Otherwise,  the  next  candidate  is  tried. 

It  should  be  noted  that  due  to  contrast  and 
resolution  limitations  of  EAR  images  one  can  encounter 
various  coastline  features  which  cannot  be  handled 
with  the  assumed  directional  mask.  Typically,  loops 
smaller  than  the  directional  mask  are  in  this 
category.  As  the  algorithm  proceeds  along  such  a 
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feature  a  point  is  reached  where  no  new  candidate 
pixel  is  available,  and  the  algorithm  stalls.  This 
problem  is  overcome  by  backtracing  the  coastline  until 
it  rejoins  a  major  trend  (Fig.  2  (A)). 

STEP  4. 

The  tracing  ends  when  the  procedure  encounters  an 
image  boundary.  In  such  a  case,  the  procedure  returns 
to  Step  2  to  start  the  tracing  in  the  other  direction. 
If  the  tracing  terminated  at  the  original  starting 
pixel,  an  island  or  a  lake  is  detected. 

STEP  5. 

Large  lakes  or  waterway  inlets  can  also  be  traced  if 
necessary. 

The  result  of  such  computations  is  demonstrated 
in  Fig.  2(B)  where  one  inlet  is  traced.  To  gain  an 
appreciation  of  the  precision  of  the  algorithm,  as 
formulated  to  this  point,  we  overlay  the  coastline 
with  the  original  image,  and  show  the  result  in  Fig. 
2(C).  The  detected  coastline  pixels  are,  on  average, 
six-to-eight  pixels  away  from  the  actual  coastline 
pixels.  Further  refinement  will  be  presented  in  the 
next  section.  However,  for  the  purpose  of 
geolocatjion,  the  procedure  is  sufficiently  accurate 
even  without  this  added  step. 

V.  REFINEMENT 

This  section  deals  with  the  discrepancy  between 
the  detected  coastline  and  the  actual  one.  A  simple 
algorithm  is  introduced  which  effectively  decreases 
this  error.  The  approximately  defined  coastline  of 
Fig.  2(C)  is  dilated  by  applying  a  (5x5)  mean  filter 
twice  and  then  thresholding  the  result  to  produce  Fig. 
2(D).  The  coastline  is  retraced  with  the  algorithm  of 
Section  IV.  However,  only  the  inside  edges  are 
traced.  For  closed  features,  e.g.  the  lakes,  interior 
to  the  coastline,  the  outside  edge  is  traced.  The 
result  of  this  operation  in  shown  in  Fig.  2(E)  and  its 
overlay  with  the  original  image  in  Fig.  2(F).  The 
refined  coastline  matches  the  actual  one  quite 
closely.  The  inlet  in  the  right  lower  corner  is  not 
detected  because  of  the  bridge  and  the  fact  that  this 
body  of  water  is  too  narrow.  Further  refinements  are 
possible  due  to  the  fact  chat  backscaCtering  from 
inlets  and  lakes  arc  lower  and  more  homogeneous  than 
their  surrounding  land  areas. 

Other  examples  from  SIR'B  and  SEASAT  SAR  images 
have  been  processed.  The  refined  coastline  traces 
show  reasonably  good  fit  based  on  visual  inspection. 
This  substantiates  the  development  of  this  algorithm. 


VI.  REMARKS  AND  DISCUSSION 

1.  In  our  Judgement,  the  refined  coastline  is 
accurate  enough  for  Che  applications  stated  in  Section 
I  such  as,  autonomous  navigation  and  geolocacion.  For 
geographic  mapping,  however,  further  processing  is 
required.  This  involves  tracing  narrow  inlets,  small 
lakes,  bridges,  etc.  The  complexity  of  the  algorithm 
would  be  increased  greatly.  Further  refinement  rnn  be 
achieved  by  searching  the  pixel  neighborhood  in  the 
direction  normal  to  the  detected  coastline.  The  edge, 
the  gray  level  variation  and  even  the  texture  should 
be  considered  as  attributes  in  determining  the  true 
water-land  boundaries.  If  narrow  inlets  are  to  be 
detected,  algorithms  should  be  developed  to  trace 
them.  In  essence,  the  refinement  should  be  guided  by 
the  results  shown  in  Fig.  2(E). 

2.  The  refinement  of  Section  V  not  only  improves 


the  definition  of  the  detected  coastline,  but  also 
eliminates  small  fluctuations  which  yield  false 
detection.  A  comparison  of  Fig.  2  (B)  and  Fig.  2  (E) 
will  clearly  reveal  the  effectiveness  of  this 
important  step. 

3.  The  algorithm  developed  in  this  paper  uses 
many  basic  image  processing  operations,  such  as  mean 
filter,  Sobel  edge  operator,  thresholding  and 
histogram  computation.  With  the  currently  available 
image  processing  hardware  such  as,  VICOM,  I’S,  etc., 
these  operations  can  be  performed  in  realtime.  The 
sigma  filter  and  the  edge  tracing  scheme  can  likewise 
be  efficiently  implemented.  Hence,  this  algorithm  has 
the  potential  for  the  near  real-time  applications. 

VII .  CONCLUSION 

An  unsupervised  algorithm  has  been  developed  for 
coastline  detection  in  SAR  images.  To  validate  its 
performance  it  was  applied  to  typical  SEASAT  SAR  and 
SIR-B  images.  The  algorithm  performs  reasonably  well 
for  geolocation  and  autonomous  navigation.  Further 
improvement  in  accuracy  for  the  purpose  of  geographic 
mapping  would  require  additional  processing  guided  by 
Che  global  information  on  the  detected  coastline.  The 
algorithm  is  conceptually  simple  and  computacionaly 
efficient  and  has  the  potential  for  achieving 
real-time  digital  processing  performance. 
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ABSTRACT  A  new  multivariate  statistical  process  called  Canonical  Variable  Substitution  (CVS)  technique  is  presented  for 
enhancing  the  spatial  resolution  of  multispectral  bands  using  a  second  set  of  higher  resolution  data.  The  process  involves  a 
simple  on^step  linear  transformation  of  the  combined  data  space.  The  weights  used  in  the  linear  transformation  are  scene 
dependent  ana  are  determined  from  canonical  correlation  analysis.  The  process  is  ve^  general.  An  example  of  the 
enhancement  of  a  SPOT  multispectral  image  of  Sydney  using  the  panchromatic  data  is  presented.  The  results  are  compared 
with  ‘iat  of  the  Intensity  Hue  Saturation  (IHS)  technique. 

KEYWORDS  resolutior’  enhancement,  SPOT  images,  canonical  correlation,  multiple  correlation,  intensity  hue  saturation. 


1  INTRODUCTION 

The  acquisition  of  higher  resolution  panchromatic  (PS)  data 
in  the  form  of  aerial  photographs  and  satellite  images  has 
given  rise  to  a  host  of  procedures  to  enhance  the  spatial 
resolution  of  multispectral  (XS)  data.  These  procedures  will 
become  more  popular  with  the  launching  of  Landsat-6  in 
whidi  the  Enotanced  Thematic  Mapper  (ETM)  sensor  will 
have  a  15  m.  PS  band  coregistered  with  XS  bands. 

The  merging  of  higher  resolution  images  is  used  to  enhance 
the  spatial  resolution  of  the  XS  bands  in  a  variety  of 
combinations.  Chavez  (1984),  and  Cliche  and  Bonn  (1985) 
have  enhanced  the  SPOT  XS  bands  of  pixel  resolution  20m 
using  the  PS  band  of  10m  resolution.  Welch  (1984)  has  used 
the  mgher  resolution  SIR-A  image  to  enhance  Landsat 
images.  Welch  and  Ehlers  (1987)  have  merged  SPOT  PS 
data  with  Landsat-TM  images.  The  high  resolution  aerial 
photographs  were  used  for  enhancing  Landsat-TM  data  by 
Chavez  (i986).  The  applications  of  merging  procedures  are 
inaeasing  rapidly. 

The  known  techniques  for  merging  the  higher  resolution  PS 
data  with  the  lower  resolution  XS  data  utilize  linear  and/or 
non-linear  weighted  function  of  both  the  PS  and  XS  data. 
The  weights  used  in  the  published  techniques  are  empirical. 
Clearly,  there  is  a  need  to  formalize  the  mathematical 
proceaure  involved  in  the  merging  exercise. 

In  this  study  a  multivariate  statistical  process  will  be 
presented  for  enhancing  the  spatial  resolution  of  XS  bands. 
ITie  process  involves  a  simple  one-step  linear 
transformation  of  the  combined  data  space. 

2  GENERAL  PRINCIPLES  OF  SPATIAL 
ENHANCEMENT  TECHNIQUES 

Welch  and  Ehlers  (1987),  and  Cliche  and  Bonn  (1985)  have 
used  both  linear  and  non-linear  functions  to  estimate  the 
modified  pixel  values  of  the  XS  bands.  Separate  relationship 
is  used  for  each  band  to  compute  the  modified  pixel  values. 
Each  relationship  is  a  weighted  function  of  the  pbcel  value 
of  tlie  particular  XS  band  and  of  the  PS  band.  The  function 
as  well  as  the  weights  used  are  empirical  in  nature. 
However,  some  help  in  choosing  the  weights  may  be 


availed  by  studying  the  correlation  matrix  of  the  combined 
data  set  (Chavez  et  al.,1983) 

In  another  approach  Chavez  et  al.  (1984)  have  used 
principal  component  analysis  to  merge  the  two  data  sets. 

The  choice  of  the  data  bands  is  crucial  for  the  success  of  this 
technique.  The  inclusion  of  the  XS  bands  with  very  low 
correlation  with  the  PS  band  can  adversely  affect  the 
process.  Again,  the  choice  of  the  bands  is  based  on  the 
correlation  matrix  and  personal  judgement. 

A  popular  linear  process  used  for  the  merging  purposes  is 
the  Intensity  Hue  Saturation  (IHS)  technique  wnich  will  be 
desaibed  in  more  detail  below.  Welch  and  Ehlers  (1987) 
have  compared  the  results  of  the  empirical  linear /non¬ 
linear  processes  described  above  witn  the  results  of  the  IHS 
technique.  TTiey  are  of  the  opinion  that  the  IHS  technique 
performs  better. 

3  INTENSITY  HUE  SATURATION  (IHS)  TECHNIQUE 

The  IHS  technique  involves  the  rotation  of  the  red,  green 
and  blue  (RGB)  color  space,  defined  by  the  three  XS^bands 
of  interest,  to  intensity,  hue  and  saturation  (IHS)  space.  The 
intensity  component  (variable)  is  then  replaced  by  the  PS 
band.  The  mcSiified  variable  in  the  IHS  space  is  then 
inverted  back  to  the  original  RGB  space  (Welch  and  Ehlers, 
1987).  By  this  process  the  higher  resolution  spatial 
information  of  the  PS  band  is  incorporated  in  the  XS  bands. 

In  the  above  process  it  is  implicit  that  the  intensity  axis  in 
the  IHS  space  has  (statistical)  properties  similar  to  that  of 
the  PS  band.  Correlation  coefficient  is  a  good  measure  of 
similarity  between  two  variables.  It  is  shown  in  table  H  iiiat 
the  intensity  axis  is  not  necessarily  the  best  linear 
combination  of  XS  bands  to  achieve  maximum  similarity 
(correlation)  with  the  PS  band. 

Apart  from  the  above  difficulty,  the  IHS  technique  has  an 
additional  constraint.  'The  technique  can  deal  with  only 
three  XS  bands.  If  more  than  three  bands  are  involved  in  the 
first  set,  like  in  Landsat-TM  or  MSS  images,  three  bands 
have  to  be  selected  depending  on  the  user's  preference  and 
judgement. 
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4  CANONICAL  VARIABLE  SUBSTITUTION  (CVS) 
TECHNIQUE 

The  procedure  presented  here  is  discussed  from  the  point  of 
view  of  merging  two  data  sets  involving  a  XS  data  set  and  a 
PS  data  set  of  higher  resolution.  The  procedure  can  be 
easily  modified  to  allow  multispectrm  images  in  the  second 
set.  The  principle  involved  in  the  new  teclmiau^e  is  similar 
to  that  of  the  IHS  technique  desaibed  above.  The  main 
difference  is  in  that  the  axis  (variable)  to  be  replaced  by  the 
PS  band  is  computed  by  multiple  correlation  analysis. 
Considering  that  multiple  correlation  is  a  particular  case  of 
canonical  correlation  we  will  use  canonical  correlation  in 
our  discussion  to  keep  the  treatment  as  general  as  possible. 

The  procedure  has  three  conceptual  steps  as  shown  in 
figure  1.  In  the  first  step  (figure  la)  a  linear  combination  of 
XS  bands  of  the  first  set  that  would  maximally  correlate 
with  the  PS  band  is  determined.  Canonical  correlation 
analysis  is  used  to  determine  the  required  linear 
comoination  or  the  first  canonical  correlation  vector.  In  the 
figure  XI, x2  and  X3  are  the  original  multispectral  variables 
of  set  1  and  yi,y2  and  ys  are  the  transformed  variables.  yi 
is  the  first  canoiucal  variable.  Axes  yi,y2  and  y3  are 
mutually  orthogonal.  In  practice  yi  and  y^  are  never 
determined. 

In  the  second  step  (figure  lb)  the  first  canonical  variable 
(yi)  is  replaced  by  the  PS  band  xp,  provided  that  yi 
accounts  for  a  significant  fraction  of  the  information  in  xp. 
Before  repladng  yi  it  is  necessary  to  stretch  and  shift  xp  so 
that  it  will  have  tne  variance  ancl  mean  of  yi.  This  is  to 
maintain  the  statistical  properties  of  the  original  variables. 

In  the  third  step  (figure  Ic)  the  pixel  values  are  inverse 
transformed  to  the  original  multispectral  space.  It  will  be 
shown  in  the  next  section  that  the  above  tmee  conceptual 
steps  can  be  accomplished  in  a  single  linear  transformation. 

5  MATHEMATICAL  PROCEDURE 

Consider  a  case  of  k  XS  bands  and  one  PS  band  forming 
two  subsets  of  a  data  set.  In  a  general  case  if  the  second 
subset  is  also  a  multivariate  data  set  then  the  first  canonical 
variable  of  the  second  subset  will  replace  the  PS  band  in  the 
following  discussion.  In  the  first  step  determine  a  canonical 
variable  for  subset  1  that  would  maximally  correlate  with 
the  PS  band. 

Let  X  be  the  vector  of  dimension  (k+1)  consisting  of  k 
multispectral  and  1  panchromatic  values  for  a  pixel. 

Let  x'  =  (x's,xp)  (1) 

x's  =  (xi,x2,x3...xk)  (2) 

Here  xs  is  the  multispectral  data  vector.  Let  W  be  the  matrix 
containing  the  orthonormal  vectors  for  forward 
transformation  along  the  columns.  Vector  wi  in  (3)  is  the 
first  canonical  correlation  vector  for  determining  the  first 


canonical  variable  yi  for  subset  1  which  would  maximally 
correlate  with  xp.  Vectors  W2,w3..wk  in  (3)  are  orthonormal 
to  wi,  and  are  arbitrary. 

W  =  (wi,w2,w3,..wk)  (3) 


If  ys  is  the  transformed  vector,  we  have 

ys  =W'xs  (4) 

where  y's  =  (yi,y2,y3“yk)  (5) 

Assuming  that  the  correlation  between  yi  and  xp  is 
satisfactory,  for  which  some  guidelines  are  suggfcted  later, 
replace  yi  by  xp.  Now  the  vector  in  (5)  will  be  modified  to: 

/m  =  (xp,y2,y3..yk)  (6) 

=  (yi+5yi,y2,-yk)  (7) 

=  (y's  +  Ay's)  (8) 

where  Ay's  =  (8y,0,0,...0)  (9) 

and  Sy  =  (Xp-y|) 

=  Xp  -  w'lxs  (10) 

Inverting  back  to  the  original  space  Xg: 
xm  =  W  ym 

=  Wys  +  WAys 
=  Xs  +  8y  wi 


=  Xs  +  (Xp-W'lXs)  wi  (11) 

The  vector  Xm  is  the  required  vector  which  will  have  most 
of  the  higher  resolution  information  of  the  PS  band.  As 
shown  in  (11),  the  conceptual  forward  and  inverse 
transformations  are  achieved  in  one  step.  The  only  vector 
required  for  the  whole  procedure  is  the  first  canonical 
correlation  vector  wi.  As  such,  there  is  no  need  to 
determine  the  other  orthonormal  vectors  w2,w3...wk  to 
achieve  the  result. 


If  we  choose  wi'  =  (0.3333,0.3333,0.3333)  or  while 
normalised  (0.5774,0.5774,0.5774),  yi  in  ys  would  be  the 
intensity  value  in  the  IHS  space.  In  that  case  Xm  in  (11) 
would  be  the  result  from  the  IHS  technique. 


6  SIGNIFICANCE  OF  CANONICAL  CORRELATION 
ANALYSIS 

Canonical  correlation  analysis  is  extensively  used  in  ’ 
studyi^  the  relationship  between  two  sets  of  multivariate 
data.  The  first  canonical  correlation  coefficient  provides  a 
measure  of  maximum  possible  association  between  the  first 
and  the  second  set. 

In  the  present  study  the  second  set  is  a  univariate.  In  this 
case  the  square  of  canonical  correlation  also  provides  the 
fraction  of  information  (variance)  in  the  second  set  (^ 
band)  that  is  explained  by  the  first  canonical  variable  of  the 
first  set.  i.e.  the  XS  bands.  This  follows  from  Stewart  and 
Love's  redundancy  measure  for  the  first  canonical  variable 


Figure  1  Geometric  view  of  the  CVS  technique,  (a)  forward  canonical  correlation  transformation.  xi,X2  and  X3  are  the  original 
bands,  xp  is  the  higher  resolution  panchromatic  band,  y  1  is  the  first  canonical  variable  (b)  replacement  of  yj  by  Xp.  (c)  inverse 
transfonnation  of  the  variables  in  (b)  to  the  original  space.  ^ 
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of  the  second  set  (PS  band  itself  in  this  case)  given  the  first 
canonical  vector  of  the  first  set.  For  more  details  see  Green 
(1978;  p  275). 

The  redundancy  measure  is  given  by 

Rdullyl  =(v'ivi)7.i/l  (12) 

where  ui  =  first  canonical  variable  of  second  set  =  xn 
yi  =  first  canonical  variable  of  first  set 
Rdul  1  yl  =  redundancy  measure  for  ul  given  yi 

VI  =  first  canonical  vector  for  second  set  =  (1.) 

1  =  number  of  bands  in  second  set 

7,1  =  squared  canonical  correlation 

In  our  case  7i  directly  gives  the  redundancy  measure  in 
(12).  From  the  above  relationship  it  is  possible  to  decide  if 
the  merging  process  should  be  undertaken.  At  present  there 
are  no  reliable  rules  to  decide  on  the  cutoff  level  on  the 
redundancy  measure.  However,  it  is  reasonable  to  assume 
that  if  7i  is  less  than  5  or  the  canonical  correlation  is  less 
than  0.707  the  merging  process  may  not  produce  spectrally 
reliable  results.  This  is  irrespective  of  the  merging  process 
used. 


7  ENHANCEMENT  OF  MULTISPECTRAL  SPOT  IMAGE 
OF  SYDNEY  AREA 

In  figures  2  b,c  and  d  the  three  XS  bands  of  a  SPOT  image  of 
Sydney  city  area  are  shown.  In  these  images  the  20m  pixels 
are  replicated  to  10m  ^el  size  (resoli  .tion  20m)  and  then 
coremstered  with  the  PS  band  shown  in  figure  2a.  Nearest 
neighbour  algorithm  is  used  for  resampling.  The  main  land 
covers  in  the  image  are  parks  covered  with  green  grass  and 
trees,  water  ponds  and  urban  residential  areas. 

At  the  top  left  hand  comer  of  the  image  is  Centennial  Park. 
The  park  has  green  grass  and  tree  cover  which  appear  very 
brient  to  moderate  bright  in  XS3  band.  In  bands  XSl  and 
XS2  they  have  low  reflectance.  The  park  has  water  ponds  of 
different  shapes  which  appear  very  dark  in  all  the  bands. 
The  top  and  bottom  right  hand  segments  of  the  image  are 
residential  areas  with  mostly  orthogonal  roads.  Conaete 
top  buildings  appear  very  bright  in  visible  bands  XSl  and 
XS2  while  tiled  roofs  appear  moderately  bright  Roads  have 
low  reflectance  in  all  the  bands. 

TABLE  I  IMAGE  STATISTICS 


band 

mean 

XSl 

50.7 

XS2  XS3 

38.9  66.4 

covariance  matrix 

PS 

52.9 

XSl 

138.8 

XS2 

120.6 

133.4 

XS3 

1.5 

-27.7 

416.0 

PS 

145.7 

152.0 

-4.2 

229.6 

correlation  matrix 

XSl 

1.000 

XS2 

0.886 

1.000 

xa3 

0.004 

-0,117 

1.000 

PS 

0.816 

0.869 

-0.013 

l.OOC 

In  Table  I  the  statistics  of  the  combined  set  of  XS  and  PS 
bands  are  presented.  Notice  that  the  visible  bands  and  the 
PS  band  snow  a  high  degree  of  correlation.  The  infrared 
band  is  uncorrelated  to  other  bands  for  all  practical 
purposes. 


8  RESULT  AND  DISCUSSION 

Figure  3  shows  the  XS  bands  enhanced  by  merging  the  PS 
band  using  the  IHS  transformation  technique.  In  table  II  the 
statistical  characteristics  of  the  intensity  axis  in  the  IHS 
transformation  are  shown.  The  intensity  axis  accounts  for 
42%  of  the  total  variance  in  the  XS  bands.  However,  the 
correlation  between  the  intensity  axis  and  the  panchromatic 
axis  is  only  0.65.  The  intensity  axis  accounts  for  only  43% 
(0.652x100)  of  the  information  available  in  the  PS  band.  A 
comparison  of  the  enhanced  XS  bands  with  the  original 
bands  in  figure  1  reveals  significant  enhancement  achieved 
in  all  the  bands,  but  at  the  expense  of  spectral  properties. 

TABLE  II  STATISTICS  OF  COMBINATION  AXES 


INTENSITY  AXIS  !  rA,\'.CORRELATION  AXIS 
(IHS  technique)  [  (CVS  technique) 

normalised  vector  coefficients 
(0.577,0.577,0.577)  I  (0.238,0.970,0.054) 

variance  accounted  in  XS  space 
42%  !  27% 

I 

variance  accounted  in  PS  space 
43%  I  77% 


In  figure  4  the  enhanced  images  using  the  canonical 
variable  substitution  (CVS)  technique  are  presented.  In 
table  II  the  statistical  characteristics  of  the  canonical 
coefficients  (vector)  used  for  the  computation  of  the  first 
canonical  variable  are  shown.  Althou^  the  canonical 
correlation  axis  explains  77%  of  the  information  available  in 
the  PS  band  it  accounts  for  only  27%  of  the  multispectral 
variance.  The  low  percentage  of  the  variance  accounted  by 
this  axis  is  easily  understandable.  More  than  60%  of  the 
information  in  the  XS  space  is  concentrated  in  the  infrared 
band  (XS3)  which  is  virtually  uncorrelated  to  the  PS  band. 
The  canonical  coefficients  reveal  that  the  second  band  (XS2) 
mostly  contributes  to  the  canonical  variable.  This  also 
means  that  the  second  band  receives  largest  proportion  of 
the  high  resolution  information  from  the  re  band  followed 
by  the  first  band  XSl.  The  infrared  band  gets  negligible 
contribution  from  the  PS  band.  The  images  in  figurei.4 
clearly  show  the  above  aspects. 

The  real  quality  of  the  merging  process  is  dependent  on 
both  the  resolution  enhancement  and  the  preservation  of 
the  spectral  characteristics.  The  color  composition  of  false 
color  composites  are  a  good  measure  to  check  if  tire  ^ectral 
characteristics  are  preserved  after  the  enhancement.  The 
color  aspects  are  found  to  be  better  preserved  in  the  CVS 
transformation  technique  compared  to  the  IHS  technique. 
The  sharpness  of  various  features  in  the  color  composites 
from  the  MS  and  the  CVS  techniques  appear  equally  good. 

One  of  the  important  aspects  to  be  noted  in  table  n  is  the 
relationship  between  the  canonical  weights  and  the 
correlation  matrix.  Although  the  visible  bands  XSl  and  XS2 
are  equally  correlated  with  the  PS  band  (table  I)  their 
contribution  to  the  canonical  variable  are  totally  different 
(table  I!).  This  is  because  the  correlation  coefficients  reveal 
the  relationship  between  the  two  variables,  like  between 
XSl  and  PS.  However,  when  one  of  the  variables  (XSl)  in 
the  relationship  is  a  part  of  a  multivariate  data  set  the 
correlation  coefficient  does  not  reveal  the  variable's  relative 
importance  in  prediciting  the  variable  (PS)  in  the  other  set. 
For  more  information  on  this  important  property  see 
Tliorndike  (1978).  This  points  to  the  dangers  of  using  the 
correlation  matrix  as  a  guide  to  empiricmly  arrive  at  the 
weights  for  merging  two  data  sets. 
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The  CVS  technique  has  many  advantages  ove  ■  r 
techniques.  1.  The  process  involves  a  simple  om.  '  'ear 
transformation  for  which  the  weights  are  statistic 
determined.  No  empirical  factors  are  involved.  2.  'i. 
algorithm  provides  a  statistical  estimate  to  assess  the 
suitability  of  merging  two  data  sets.  3.  The  procedure  is 
applicable  even  if  the  low  resolution  imago  set  consists  of 
more  than  3  spectral  bands.  In  contrast,  the  IHS  technique 
requires  that  only  3  spectral  bands  are  used.  4.  The  CVS 
process  is  general  enough  to  utilize  a  higher  resolution  XS 
data  set  in  the  place  of  a  PS  band.  In  such  a  case  the  first 
canonical  varimjle  of  the  second  set  of  bands  replaces  the  PS 
band. 

9  CONCLUSION 

The  canonical  variable  substituition  techniciue  is  a  simple 
mathematical  process  to  enhance  the  spatial  resolution  of  a 
multispectral  image  set  using  a  higher  resolution  univariate 
or  muUivariate  data  set.  The  process  enhances  the 
resolution  while  preserving  tne  original  spectral 
characteristics.  In  this  regard  the  CVS  technique  performs 
better  than  the  commonly  used  IHS  technique. 
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ABSTRACT 

This  paper  presents  results  from  an  experiment 
performed  to  assess  the  performance  of  the  median 
recurrent  filter  for  stripping  removal  f rom  TM/LANDSAT 
data.  The  experiment  consisted  of  comparing  the 
resulting  images  in  terms  of  their  potential  for  water 
and  land  use  classification.  This  comparison  was 
performed  taking  into  account  two  types  of  remote 
sensor  data  user:  the  user  interested  in  manual 
interpretation  and  the  user  interested  in  digital 
interpretation.  As  far  as  the  potential  for  manual 
interpretation  is  concerned,  the  different  images 
were  compared  in  terms  of  the  digital  filtering 
effects  on  the  elements  of  importance  for  the 
information  extraction:  color,  texture,  shape, 
contrast,  etc.  The  image  performance  in  terms  of 
digital  classification  was  assessed  by  comparing  the 
classification  matrix  resulting  from  the  application 
of  a  maximum  likelihood  algorithm  to  each  data  set: 
Reflectance  Image;  Reflectance  Filtered  Image; 
Composite  Image.  The  performance  of  each  data  set  was 
assessed  through  the  percent  of  correct 
classification  produced  by  the  samples  used  to  train 
the  system.  The  results  indicate  that  the  filtered 
image  allowed  greater  separability  between  optically 
distinct  water  classes,  presenting  however  a  poor 
performance  for  non-aquatic  targets  as  far  as  digital 
analysis  was  concerned.  For  manual  analysis,  however, 
the  co,iiposite  image  was  the  best, 

1.  INTRODUCTION 

There  are  experimental  evidences  (Tassan  and 
Sturm,  1986;  Tassan,  1987,  Tassan,  1988)  that 
information  on  water  quality  such  as  color,  turbidity, 
chlorophyll  concentration,  etc  can  be  drawn  from  TM/ 
LANDSAT  data.  For  that,  TM  data  must  be  subjected  to 
various  corrections  for  radiometric  and  atmospheric 
effects.  Among  radiometric  corrections,  special 
aLleiiLiuu  is  given  to  the  stripping  removal,  since 
this  sort  of  noise  is  conspicuous  in  areas  of  complex 
boundaries  between  water  and  land  surfaces  (Shimoda 
et  al. ,  1986) . 

Linear  filtering  procedures  have  been  applied  to 
remove  this  type  of  noise  (Mehl  et  al.,  1980).  The 
main  constraint  to  those  procedures  is  that  aberrant 
pixel  values  h.ave  strong  effects  on  the  output 
imagery.  In  this  sense,  non-linear  filtering 
procedures,  based  on  median-filter-type  produce  output 


images  in  which  the  aberrant  digital  values  are  not 
taken  into  account  (Arce  et  al.,  1986). 

In  this  paper  the  median  filter  performance  is 
assessed  considering  both:  manual  and  digital 
interpretation  procedures  for  land  and  aquatic 
ecosystems . 

2.  METHODS 

To  evaluate  the  suitability  of  applying  the 
median  filter  lot  stripping  removal  a  subscene  of  512 
by  512  pixel  was  selected  over  Barra  Bonita  Reservoir 
(Figure  1).  This  subcene  was  digitally  processed 
using  the  SITIM-150  (Engespaco,  1988)  according  to 
the  procedures  presented  on  Figuie  2).. 

Three  output  images  were  produced:  1)  Reflectance 
Image  (Rl),  2)  Filtered  Reflectance  Image  (FRI)  and 
3)  Composite  Image  (Cl).  Those  images  were  assessed 
in  terms  of  both:  suitability  for  manual  and  digital 
interpretation. 

The  suitability  for  manual  interpretation  was 
assessed  by  computing  the  number  of  features  such  as 
contrast,  texture,  etc.,  preserved  in  the  output 
images.  The  suitability  of  each  output  image  digital 
classification  was  assessed  by  implementing  a 
maximum  likelihood  classification  and  by  analyzing 
the  resulting  classification  matrices. 

3.  RESULTS 

The  Reflectance  Image  proved  to  be  unsuitable 
for  water  classes  differentiation  when  manual 
interpretation  is  applied  to  the  data.  Stripping 
effects  are  quite  conspicuous  in  the  Reflectance 
Image  preventing  a  clear  definition  of  water  class 
boundaries.  As  far  as  the  surrounding  terrestrial 
ecosystem  is  concerned,  the  Reflectance  Imago 
prasanroH  quire  'd  porf or'^anee  becauso  of  the 
negligible  stripp.rj  effects  present  in  it.  Several 
land  use  classes  were  easely  mapped:  natural 
pastureland,  improved  pastureland,  permanent  crops 
(sugar  cane),  temporary  crops;  reforestation  stands; 
forest  land,  etc. 

When  the  median  recurrent  filter  (Figure  3)  is 
applied  to  the  Rcilectance  Image,  the  stripping  is 
removed  from  the  water  producing  sharp  boundaries 
between  water  classes  in  the  filtered  Reflectance 
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Image.  The  filter,  however,  blurs  the  remaining  scene 
making  the  output  image  unsuitable  for  manual 
interpretation  of  land  use  classes.  The  filtered 
Reflectance  Image  does  not  keep  interpretation 
elements  such  as  texture,  boundaries  between  classes, 
etc.  being  only  use  ful  for  water  classes 
differentiation. 

The  Composite  Image  is  produced  by  digitally 
combining  the  Reflectance  Image  and  the  Filtered 
Reflectance  Image  in  such  a  way  chat  only  water 
classes  are  subjected  to  filtering  for  stripping 
removal.  Therefore  the  Cl  represents  on  excellent 
product  being  useful  for  both  water  classes  and  land 
use  classes  differentiation  by  manual  interpretation 
of  LANDSAT/TM  data. 

The  performance  of  each  output  image  when  digital 
classification  techniques  were  applied  can  be 
assessed  through  their  classification  matrices. 

Table  1  presents  the  percent  of  correct 
classification  for  each  water  class  and  Che  average 
correct  classification  for  land  use  classes  as  a 
whole.  Table  1  clearly  shews  that  the  best  image  for 
land  use  and  water  digital  classification  is  Che 
Filtered  Reflectance  Image.  The  Reflectance  Image 
presented  Che  poorest  performance  for  both  land  use 
and  water  classification.  Since  the  same  sample  sec 
was  applied  to  train  the  system  for  the 
classification,  the  improvement  in  classification 
performance  can  only  be  related  to  Che  "stripping" 
removal . 


TABLE  I 

PERCENT  CORRECT  CLASSIFICATION 
THRESHOLD  7-8 


TYPE  OF  OUTPUT  IMAGES 

CLASSES 

REFLECT. 

IMAGE 

FILTERED  REFLECT. 
IMAGE 

COMPOSITE 

IMAGE 

Uater  1 

39.9 

99.2 

99.2 

Water  2 

67.9 

94.6 

88.5 

Water  3 

47.9 

96.7 

96.8 

Water  4 

65.0 

98.3 

98.0 

Water  5 

83.2 

99.2 

92.3 

Land  use 
classes 

As  a  Whole 

77.2 

90.7 

82.8 

Table  2  presents  the  average  value  of  pixels 
which  were  not  classified  for  each  data  set  and  also 
the  average  confusion  between  classes.  Those  global 
results  agree  with  chose  shown  in  Table  I. 


TABLE  2 

AVERAGE  ABSTENTION  AND  AVERAGE  CONFUSION  FROM  THE 
CLASSIFICIATION  OF  THE  THREE  IMAGE  TYPES 


IMAGE  TYPE 

RI 

FRI 

Cl 

Average  abstention 
Average  confusion 

2.74 

20.38 

5.20 

0.79 

3.9 

8.7 

Taking  into  account  that  the  transformation  of 
digital  TM/LANDSAT  image  into  a  Reflectance  Image  aims 
to  ease  the  acquisition  of  quantitative  information 
on  water  reflectance,  the  filtering  effect  on  the 
reflectance  values  was  also  assessed.  Table  3  presents 
the  reflectance  values  in  the  visible  bands  for  all 
the  output  images.  The  data  are  already  converted  to 
apparent  reflectance. 

TABLE  3 

PERCENT  OF  APPARENT  REFLECTANCE  OF  DIFFERENT  HATER 
CLASSES  IN  THE  OUTPUT  IMAGES 


OUTPUT  IMAGES 

RI 

FRI 

Cl 

CLASSES 

TMl 

TM2 

TM3 

TMl 

TM2 

TM3 

TMl 

TM2 

TM3 

Water  1 

9.7 

8.2 

6.5 

9.7 

8.2 

6.6 

9.7 

8.1 

6.6 

Water  2 

9.9 

8.7 

6.6 

10.0 

8.9 

6.6 

10.0 

8.9 

6.6 

Water  3 

9.8 

8.0 

6.0 

9.7 

8.1 

6.2' 

9.7 

8.2 

6.2 

Water  4 

9.6 

7.9 

5.9 

9.6 

7.8 

5.8 

8.6 

7.8 

5.8 

Water  5 

8.8 

6.7 

5.2 

8.6 

6.4 

4.7 

8.7 

6.5 

4.8 

As  shown  in  Table  3,  the  filtering  process  does 
not  change  the  average  reflectance  of  each  water 
class.  The  highest  difference  between  the  reflectance 
percent  derived  from  the  three  different  images  is 
found  in  the  class  "water  5".  This  differente  can  be 
explained  by  the  highest  percentage  of  commission 
error  found  in  this  class  when  the  Reflectance  Image 
was  used  to  implement  the  digital  classification.  In 
fact,  9%  of  the  pixels  in  this  class  are  inclusions 
from  land  use  classes.  Owing  the  low  water  reflectance 
the  red  portion  of  the  electromagnetic  spectrum,  the 
difference  between  the  Reflectance  Image  and  the 
remaining  produces  in  highlighted  in  that  wave  band. 

The  inclusion  of  pixels  belonging  to  land  use 
classes  with  higher  reflectance  explains  the  increase 
in  the  red  reflectance  in  052.  The  blue  and  green 
wave  bands  having  higher  reflectance  are  less  affected 
by  this  inclusion. 

4.  CONCLUSION 


The  results  indicate  that  the  filtered  image 
allows  a  higher  separability  between  optically 
distinct  water  classes,  presenting  however  a  poorer 
performance  for  non-aquatic  as  far  as  digital  analysis 
is  concerned.  For  manual  analysis  however,  the 
composite  image  was  the  best.  Results  also  proved  that 
the  filterina  process  does  not  chance  the  apparent 
reflectance  estimates  of  the  different  water  classes. 


2621 


BIBLIOGRAPHY 

!•  Arce,  G.R. ;  Gallaghe,  N.C,;  Nodes,  T.A.  Median 
Filters:  Theory  for  one-and-two  dimensional 
filters.  IN:  (Huang,  T.S.,  Editor): 

ADVANCES  IN  COMPUTER  VISION  AND  IMAGE  PROCESSI.NG 
V2,  p.  89-166,  London,  JAI  Press,  1986. 

2.  Engespago.  SENSORIAMENTO  REMOTO  -  SITIM-150, 
Manual  do  Usuario.  Sao  Jose  dos  Campos,  1988. 

3.  Mehl,  W. :  Sturm,  B.;  Melchior,  N.  Analysis  of 
coastal  zone  colour  scanner  imagery  over 
mediterranean  coastal  waters.  INTERNATIONAL 
SYMPOSIUM  ON  REMOTE  SENSING  OF  ENVIRONMENT, 
Proceedings.  April  1980.  Sao  Jose,  Costa  Rica. 
ERIM.  Ann  Arbor,  MI,  V2,  p. 653-662,  1980. 

4.  Shimoda,  H. ;  Elaya,  M. ;  Sakata,  T. ;  Gada,  L. ; 
Stelczer,  K.  Water  quality  monitoring  of  lake 
Balaton  using  Landsat  Mss.  SYMPOSIUM  ON  REMOTE 
SENSING  FOR  RESOURCE  DEVELOPMENT.  Proceedings. 
ENSCHEDE.  ISPRS.  p. 745-758,  1986. 


5.  Tassan,  S.;  Sturm,  B.  An  algorithm  for  the 
retrieval  of  sediment  content  in  turbid  coastal 
waters  form  CZCS  data.  INTERNATIONAL  JOURNAL  OF 
RE.M0TE  SENSING,  7:643-656,  1986. 

6.  Tassan,  S.  Evaluation  of  the  Thematic  Mapper  for 
Marine  Application.  INTERNATIONAL  .lOURNAL  OF 
REMOTE  SENSING,  8:1455-1478,  1987. 

7.  Tassan,  S.  The  use  of  Thematic  Mapper  for  coastal 
water  analysis.  INTERNATIONAL  SYMPOSIUM  OF 
PHOTQGRAMMETRY  AND  REMOTE  SENSING,  Proceedings, 
Kyoto,  Julv,  1988,  V7,  p.  564-575,  1988. 


Fig.  3  -  Median  recurrent  filter  mask. 


OUTPUT  IMAGE  EVALUATION 
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Abstract  > 

For  studying  distribution  pattern  of 
sedinents  on  the  Mingjing  river  mouthi  Fujian 
Province  China)  series  of  Mss  and  Tn 
imageries  uere  collected  in  different  tide 
phases  from  1975  to  1987.  An  algorithm  for 
estimation  of  sediment  concentration  has  been 
developed  by  in-situ  spectral  measurement 
uith  Mss  and  Tm  bands.  The  values  of 
concentration  derived  from  satellite  data  are 
in  agreement  uith  the  ship  data  collected 
near  mouth  uhithen  +l&y.  over  the  range  51  to 
186  mg/m3.  The  diagrams  of  sediment  fronts 
uere  drawn.  The  enhancement  satellite 
imageries  also  shous  four  sediment  tongues 
patteren  on  river  mouth  in  different  tide 
phases  in  great  detail.  Finally  the  machenism 
of  sediment  transportation  on  the  mouth  was 
di scussed. 

1.  Introduction 

Mingjing  River  discharges  57,5  billion  m3 
fresh  uater  to  the  East-China  Sea  annually. 
Thousands  and  thousands  boats  navigate  in  the 
inner  river>as  well  as  mang  big  ships  pass 
through  the  river  mouth  and  navigate  in  the 
sea  to  Hongkongi  Macao  and  other  countries. 
So  called  'TRANSPORTATION  ARTERY'  Mingjiang 
have  been  taking  important  play  in  economical 
development  of  Fujian  Province)  China.  In  the 
other  hand)the  river  is  carried  about  10 
Million  tonne  Sediments  into  the  East-China 
Sea  every  year.  Some  of  them  uas  silted  near 
mouth  of  the  river  to  cause  some  problems 
such  as  obstruct  of  channel  and  ecologic 
change  ect.The  local  government  of  Fujian  is 
planning  to  regulate  the  river  mouth  for 
nevigation  of  20)000  Tonnage  steamer.  Before 
beginning  this  plan)  the  first  needs  to  knou 
the  sediment  distribution  patterns) transfer 
path  and  their  quantitative  concentration 
carried  to  the  Sea.  The  second  needs  to 
understand  the  machenism)  such  as  the 
relationship  uith  tidal  phase  and  others.  8ut 
very  feu  historical  data  about  sediment 
tranbsportat I  on  are  archived  during  different 
tide  phases.  The  remote  sensing  uas  employed 
to  be  one  kind  of  good  too.  for  above  task 
because  of  its  timely  and  econoi'c. 


2 . 1 magery  Ser i es 

In  general)  the  chanel  1  of  AVHRR  data  shous 
the  sediment  distribution  pattern  ue  I  I  . 
Unfortunately)  Its  special  resolution  (about 
l.lNl.l  km/PiexI)  is  not  good  enough  for 
Mingjiang  River  mouth.  The  uidth  of  the  mouth 
inner  is  only  several  handred  to  tuo  thousand 
meter.  So  the  series  of  ID  landsat  Imageries 
(MSS  56»79m/pixel  and  TM  30l«30m/p  I  xe  I  )  uere 
collected  during  September.  1975- Ju I y . 1987) 
uhich  presented  in  different  tide 
phases) he i ght )  currents  and  uind)  Listed  In 
Table  1  and  shoun  in  Figure  1)  eventhough  the 
Landsat  imageries  archived  in  China  for  this 
area  very  I i m i ted . 


Figl  Series  of  imagery  relative  to  tidal 
phases 


3.  Method 

3 . 1  Mode  I  I i ng 

During  June  14-16)1986)  the  investigation 
ship  team  collected  in-situ  data  sycronously 
uith  Landsat  5  passing  over  the  river  mouth) 
such  as  sediment  concentration  as  ue I  I  as  the 
spectral  data  uith  Mss  and  TM  bands.  The 
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modsl  uere  deriven  -from  in-situ  dats< 
ratponscd  to  th*  sediment  concentration  and 
spectral  reflectance  as  follouingi 

R(MSS5)=0. 05058+0. 0421L0G(S)  (1) 

R<TM3)»0. 506081+0. 0812LOG(S)  (2) 

In  the  Fomula  (1)  and  (2)i  R(MSS5)  and  R(TM3) 
are  the  reflectance  of  MSS  Band  5{Q.6-a.7u) 
and  of  TM  Band  3  (0.63-0.6?u)  measured  at 
ship  respectively!  5  is  the  sediment 
concentration.  The  correlation  coefficient  is 
0.878  and  0.853  for  Formula  (1)  and  (2) 
respect i ve I y . 


DATA 

OOMMYY 

PATH/ROU 

DATA 

FLOOO-ORY 

SEASON 

WIND 

(m/s) 

030975 

127/42 

MSS 

Dry 

2.2  SU 

070176 

127/42 

MSS 

Dry 

6.4  NU 

030883 

118/42 

MSS 

Dry 

4.3  N 

301163 

119/42 

MSS 

Dry 

5.3  N 

230484 

118/42 

MSS 

Uet 

9.5  N 

230184 

119/42 

MSS 

Dry 

6.4  NUN 

160686 

118/42 

MSS 

Uet 

4.3  SU 

250786 

119/42 

TM 

Uet 

0.0  C 

030866 

116/42 

TM 

Dry 

6.4  N 

050787 

118/42 

TM 

Uet 

1.0  SSE 

Table  1 

Series 

of  imagery  and 

hydrog i ca 1 

season  and  wind. 

3 .2  ■  Atmospher I c  and  geometric  correction 

Very  simple  and  experiental  method  uas 
employed  to  correct  the  atmospheric  effective 
of  imageries.  Finding  the  black  uater 
supposed  the  sediment  concentration  Less  than 
0.5  mg/m3i  calculated  by  Formula  (l)or(2)i 
then  the  follouing  formula  are  used  to 
atmospheric  corrections 

Au(MSS5)=Ao(MSS5)-Abu(MSS6)  (3) 

Aw(TM3)=Ao(TM3)-0.43Abii<(TM4)  (6) 

In  Formula  (3)  and  (4)>  Au(MSS5)  and  Au  (TM3) 
are  the  corrected  radiation  of  MSS  Band  5  and 
TM  Band  3  respectively.  Ao(MSS5)  and  Ao(TM3) 
are  the  original  radiation  of  MSS  Band  5  and 
TM  Band  3.  Abu  (MSS6)  and  Abu  (TM4)  are  the 
radiance  of  black  u.>tar  uith  MSS  Band  6  (0.7- 
0.8u)  and  TM  BAND  6  (0.76-0.90u) 

respect i ve I y . 

Seven  geometric  control  points  were  applied 
in  the  polynomial  enpression  for  geometric 
correction.  The  precision  is  about  1-2  pixels 
in  the  imager. 

3.3  Quantitative  mapping 

Computing  reflectance  from  corrected 


radiance)  then  mapping  Sediment  concentration 
by  Formula  (1)  or  (2))  the  example  shoun  in 
Figure  2.  The  in-situ  sediment  concentration 
data  collected  from  ship  in  June  14-16)1986 
uas  used  to  text  the  mapping  data.  The  value 
of  concentration  derived  from  the  satellite 
data  are  in  agreement  uith  the  ship  data 
collected  near  mouth  uithen  +  16>)  over  the 
range  51  to  186  mg/m3. 


Fig2.  The  sediment  concentration  Mapping  from 
TM  AUG. 3)1986  and  enhancement. 

3.4  Imager  enhancement 

The  uallis  transformation  uas  applied  to 
performs  a  space  variant  constrast  stretch  to 
normalize  the  MSS  and  TM  image.  the 
computational  algorithms  has  the  follouing 
form'. 

P'(x)y)  =  CS'  /(S+S'  /MAX)])«CP(x)y)-M+AHM'  +  (l-A> 
HMD  (5) 

Where ! P( X ) y )=or i g i na I  pixel  intensity!  P' 
(x ) y )-norma I i zed  pixel  intensity!  .S=locaiized 
standard  deviation  (  local  neighborhood 
defined  by  41M41  pixel  uindou)!  S'=desired 
standard  deviation  (76.6)!  M=local  mean!  M'= 
desired  mean  ( 126) !Max=max i mum  gain(6)!  A= 
factor  to  govern  mean  value  shifting 

(0.6). Then  the  transfer«cd  imagers  of  tree 
bands  such  as  MSS(  5)6)7  )  or  TM(  2)3)4  )) 

were  pseudo-combined.  the  enhanced  imagers 
shou  very  great  datail  concentration  pattern 
and  sediment  path  line)  example  see  Figure  3. 

4.  Discussion  and  results 

4.1  Distribution  patteren 

From  enhanced  imageries)  It  is  obvious  that 
four  turbid  tongues  toruard  sea  existed  from 
north  to  south  on  the  mouth  all  seasons  of 
year)called  Uuzhu)  Cuanshi)  Uaisha  and  Meihua 
tongue  shoun  in  Figure  4.  The  pattern  of 
tongue  Uuzhu  and  Meiliua  are  stable)  but 
tongue  Cuanshi  and  Uaisha  are  varied  in 
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differen  seasons. TKq  spread  direction  ot  all 
tongues  are  as  same  as  the  direction  of  abb 
current.  Their  shape  and  spread  area  varied 


The  MSS  (Band  Sibi7)  imagers  enhanced 
by  Wall  is  Transformation  and  Pseudo¬ 
comb  i nat i on 


F i g4  Sediment  d i str i but i ong  pattern  at 
high  and  low  stands  from  imageries 

with  tidal  level. (a)  During  inetiation  of  abb 
on  the  imageries  (such  as  03088b  TM)»  The 
turbid  water  shows  multi-layer  radiant  fan. 


The  contour  creek  is  not  obviousibut  the 
structure  is  we  I  I -deve I  oped  like  breard 
shown  the  spread  direction  fine.  (b)  During 
strong  abb-slack  wateri(5uch  as  050787  TM) > 
The  contour  creek  become  obvious.  The  jet  of 
different  sedment  concentration  crossed  each 
other. The  obvious  path  line  is  focussing  and 
scattering  and  trajectory  shows  the  axle  of 
tongues  and  different  channel  current  very 
well.  The  imageries  also  show  that  the  turbid 
waters  run  off  from  the  constrain  by  the 
topography  of  creeks  and  scatter  radiantly 
forward  the  sea  to  formalize  obvious  turbid 
water  tongues, 

4.2  Sediment  transportation  and  concentration 

Based  on  the  pa^h  of  sediment  transportation 
from  imageryi  there  are  four  different  areas 
shown  in  Figure  5.  (a)  Sediment  active  area 

located  on  area  Ii  near  the  moutK  run-off  and 
tidal  current  are  as  main  motivation.  the 
suspended  sediment  moves  back  and  forward 
repeatly.  The  direction  of  movement  is 
parallel  to  coast  approximately.  (b)5ediment 
diffusion  eros-silt  area  located  on  the  area 
2.  The  sediment  was  carried  by  tidal  current. 
The  main  motivation  Is  tidal  currenti  also 
dependent  on  topography  construction,  because 
of  erosion  and  siltationi  the  turbid  water 
shows  different  shape  such  as  plume*  cyclone* 
and  Jet*  Usually  the  sediment  concentration 
is  much  higher  then  others.  (c)  Sediment 
diffusion  and  diposition  area  located  area  3* 
motivation  is  tidal  current*  also  affected  by 
run-off*wave  and  near  water  system.  In  this 
area  as  the  turbid  waters  run  off  from  the 
beach  off  mouth  and  scatter  forward  the 
sea. the  sediment  diffused  and  dep.osited.  (d) 
Sediment  drift  area  Located  area  4.  The  low 
concentration  water  departed  from  turbid 
water  and  the  sediment  drifted  and  deposited 
with  tidal  and  coastal  currents  and  branch  of 
Krush i o . 

Based  on  the  sediment  concentration*  the 
mouth  can  be  divided  3  areas  showing  in 
Figure  5.  (a)  High  concentration  area  H*  In 

this  area*the  effect  of  tidal  current  and 
shallows  is  strong*  So*  the  turbid  water 
well-mixed.  The  maximum  value  evaluated  from 
imageries  is  2D1.9  g/m3  in  the  dry  year 
>183*5  g/m3  in  the  wet-year.  The  minimum 
value  is  4b.5g/m3  at  High  level.  (b)  Midium 
concentration  area  M*  The  concentration  is 
strongly  affected  by  topography  and  tidal 
height*  the  maximum  337.1  g/m3  at  Lower  level 
in  dry  season  and  the  minimum  6.1  g/m3  at 
higher  level  in  wet  season.  (c)  Low 
concentration  arearl  located  diffusion- 
deposition  area*  the  concentration  is  stable. 
In  general)  the  value  is  about  56.0-44.1 
g/m3.  the  maximum  80.2  g/m3  in  occasional 
case  of  wind  above  grade  5  at  lower  level. 

4 . 3  Meehan i sm 

Because  the  Sediment  is  yielded  of  drainage 
basin  and  controled  by  tidal  current. The 
mechanism  of  sediment  transportation  was 
found  by  comparing  Mss  and  TM  imagery  with 
tidal  data*  The  turbid  water  pattern*  spread 
area*  shape*  direction*  and  concentration 
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d  i  str  i  but  i  C3n  firstly  dependent  on  tidal 
current.  Secondly  dependent  on  run-off> 
usually)  the  concentration  is  hisher  in  dry 
season  then  at  in  the  uet  season.  Thirdly 
dependent  on  uind  uave  and  near  uater  system) 
uhen  the  uind  uas  above  grade  5  the  obvious 
pattern  begain  to  be  obscure.  During  June 


Fig  5.  Sediment  transportation  areas  and 
concentration  distribution 


to  September)  the  branch  of  krushio  up  to 
north  is  main  near  uater  system)  the  krushio 
uater  usually  is  very  Lou  concentration 
uater)uhile  from  October  to  next  April)main 
near  uater  system  is  controled  by  MingZhe 
coastal  current  doun  to  south)  uhose 
concentration  is  little  higher  then  krushio. 
Both  of  them  did  not  affect  the  sediment 
distribution  much)  but  some  time)  they  uould 
make  the  turbid  tongues  to  deviate  from 
normal . 

5.  Suggestion  of  regulation 

A  suggestion  for  regution  of  nevigation 
channel  has  been  proposed  by  Navigation  Port 
Administration  of  Fujian  Province)  based  on 
above  analysis  and  other  hydrological  in-situ 
data.  Its  principal  ideal  is  strengthening 
main  current-Cuansn  to  rush  the  beach  off 
mouth  uhich  obstruct  the  main  nevigation 
channel  uith  building  several  dams  shoun  in 
Figure  6.  The  Dam  1  aj'usted  the  uater 
transportion  radio  of  Neihua  and  Changem 
current.  0am  2  obstructs  high  sediment 
concentration  uater  rushing  into  main  uater 
uay.  Dam  3)4  (tuo  locking  dam)  cut-off  branch 
and  strengthen  main  channel.  Dam  5  separates 
the  main  channel  and  Neihua  channel  uhose 
uater  is  highest  concentration. 

Acknou I edgement 

The  authors  uould  like  to  acknoulege  the 
direct  and  indirect  cunli  ibutis.-.  made  by 
numerous  participants)  special  thanks  go  to 
Nr.  Oou  Yauei  and  Nr.  Lin  Ninji  from  the 
Third  Institute  of  Oceanography)  S.O.Ai  China 
for  providing  the  final  report  on  this 
project)  Also  go  to  Nr.  Zhao  Taichu  and  Zhou 
Jianru  ect.  from  Second  Institute  of 
Oceanography  for  collecting  in  situ  data  and 
some  analysis.  Finally  thanks  go  to 


investigation  ship  team  and  Image  Processing 
Lab.  of  Zhejiang  university  for  providing 
ships  and  Image  processing  system 
respect i ve I y . 


Fig.t  Diagram  for  suggestion  of  regulation  on 

the  Ningjiang  river  mouth 

Reference 

(1)  Gordon)  H.R.)  and  D.K..  Clark)  "Clear 
uater  radiances  for  atmospheric 
correction  of  Coastal  Zone  Color  Scanner 
i magery" ) App I i ed  opticS)20  PP4175-410O) 
1981. 

(2)  Jonnso ) R. W. "Quat i tat i ve  sediment  mapping 
from  remotely  sensed  mu  1 1 i spectra  I 
data)"  Remote  sensing  of  resources ) IV) PP 
556-576)  1975 

(3)  Nccauley)  J . R .> ect . "Kansas  uater  quality 
using  ERTS-1)"  Remote  sensing  of  earth 
resources)  IV)  522-541.  1975. 

(4)  Pt  i  .F)  "Opt  i  n  i  an  I  d  i  str  i  but  •' on  of  control 

points  to  minimize  landsat  image 
reg i sttrat i on  er r or s ) "Photo  grammetric 

Engineering  and  Remote  Sens i ng ) PPlOl-1 10 


(5)  Siamak  Knorram)  "  Remote  sensing  of 
salinity  in  the  San  Francisco  Bay 
Delta)"  Remote  sensing  of  environment) 
12.1)PP15-22)1982. 

(6)  V i o I  I i er ) N . ) "  Radiometric  calibration 
of  the  Coastal  Zone  Color  Scanner  on 
Nimbus-7:  a  proposed  ad Justment ) "App I i ed 
0pticS)21)PPH42-1145)  1982. 


Geometric  and  Radiometric  Correction  of  Airborne 
MSS  Imageries  over  Rugged  Terrain  Area 

N.  V.  Chen  and  H.  T.  Wang 

Center  for  Space  and  Remote  Sensing  Research 

National  Central  University 

Chung-Li,  Taiwan,  R.  0.  C. 

Tel : 886-3-4257232 ,  Fax : 886-3-4254908 


There  are  three  major  factors  for  the  distortion  of  Airborne 
MSS  imagery,  namely,  the  irregularity  of  scanner's  gyroscope,  six 
orientation  parameters  being  time  dependent,  and  the  terrain 
effect  over  the  rugged  areas  due  to  the  large  scanning  angle.  We 
use  the  cross  correlation  between  adjacent  lines  to  find  the 
relative  shift  of  each  line.  Care  has  been  taken  into  account 
the  fact  that  there  are  three  components  of  the  shift,  i.e.,  slow 
shift  caused  by  aircraft  motion,  rapid  shift  caused  by  the 
gyroscope  and  the  small  random  shift  caused  by  ground  feature 
variations.  We  assume  that  six  orientation  parameters  are  second 
or  third  order  polynomial  with  respect  to  time  and  use  control 
points  to  determine  the  coefficients.  We  finally  use  DEM  and  ray 
tracing  technique  to  produce  the  "orthographic"  Airborne  image. 
We  apply  the  above  procedure  to  some  images  over  highly  rugged 
area  in  Taiwan.  The  results  indicate  that  for  2000  scan  lines  or 
less,  the  r.m.s.  error  of  check  points  are  about  2  pixels(lOm), 
while  the  traditional  method  will  produce  a  r.m.s.  error  of  about 
10  pixels.  Constderiiij  the  large  grid  sjze  (40m)  of  the  DEM  vo 
used,  the  above  results  are  satisfactory. 

Concerning  radiometric  correction,  we  assume  that  the 
radiance  measured  at  the  position  in  the  direction  fl,- 
can  be  approximated  bj 

H(x^,n„)  n  (Ij(x^)+I^(x,  )+Ij(Xj  ))R(Xj  )T(z,;,z, 

+  P(z,,  ,Zj 

Wh-'re  X,  is  the  target  position,  R(xj)  the  target  reflectance,  T 
the  transmittance,  P  the  path  radiance,  the  the  direct  solar 
irradiance,  Ij  the  diffuse  sky  irradiance  and  Ij  the  direct  solar 
irradiance  reflected  from  the  nearby  ground  pixels.  Note  those 
quantities  are  functions  of  position  (terrain  effect)  and 
atmospheric  optical  properties.  For  the  atmospheric  effects  we 
assume  that  the  atmosphere  can  be  described  as  a  standard  rural 
tropical  model  with  parameter  d,  the  meteorological  range 
(detailed  descriptions  see  Lowtran  6  Package).  The 

meteorological  range  can  be  estimated  by  assuming  that  the  energy 
of  the  darkest  pixels  only  contain  the  path  radiance,  then  by 
fitting  the  path  radiance  for  different  height  and  bands.  Due  to 
the  lack  of  absolute  radiometric  calibration  of  the  Daedulus 
scanner,  we  only  perform  the  terrain  parameter  calculation  and 
two  simulations  under  the  following  condition:  d=10  km,  R(Xj.  ) 
=  constant  =0.2,  A  =0.8S/um  ,  flying  height  =  8000m,  azimuth 

angle  =  45**  ,  constant  speed,  solar  zenith  angle  ■=  AS"*,  solar 
azimuth  angle  =  135°.  The  terrain  parameters,  i.e.  the  cross 
section  ratio  (the  cosine  of  the  incident  light  and  surface 
normal  ),  shadow  and  horizon  etc.,  are  calculated  for  each  pixel 
using  DEM.  For  test  site  1  which  is  rolling  terrain  with  average 
height  about  500  m,  the  average  (over  pixels)  ratio  of  path 
radiance  contributions  to  the  total  measured  radiance  is  16%  with 
the  maximum  up  to  33%.  The  average  Ij,  I*,  and  Ij  contribution  to 
the  irradiance  arc  about  30%,  67%,  and  3%  respectively.  For  the 
test  site  2  which  is  rugged  terrain  with  average  height  1500m, 
the  average  path  radiance  to  the  measured  radiance  is  18%  with 
maximum  96%.  The  overage  I4,  1$,  and  contributions  to  the 
irradiance  are  65%,  22%  and  13%  respectively.  This  means  (1)  for 
the  low  altitude,  the  diffuse  sky  light  can  be  very  important 
(more  important  than  direct  solar  irradiance  even  in  near  IR 
region),  (2)  for  the  valley  pixels,  the  contribution  I«  can  not 
be  ignored. 
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RESUME 

Cette  recherche  vise  I'dvaluation  du  potentiel  de  1'  imagerie  SPOT 
pour  ('extraction  des  donndes  planimytriques  des  cartes 
topographiques  au  1:  SO  000.  II  s'agit  en  particulier  de  mesurer 
I'appon  des  donndes  SPOT  dans  le  Programme  canadien  de  revision 
cartogiaphique.  Le  secteur  d'y  tude  de  cette  recherche  est  la  rygion  de 
Sherbrooke  au  Quybec  (  carte  topographique  21  E/5  ).  Le  fichier 
numyrique  des  donnyes  planimytriques  correspondant  h  I'ydition  6 
de  la  carte  topographique  servira  de  document  de  vyrity  de  terrain. 
Une  conversion  du  format  vectoriel  un  format  matriciel  sera 
ryalisye  afin  de  rendre  les  donnyes  planimytriques  compatibles  aux 
donnyes  satellitaires.  L'analyse  est  effectuye  k  partir  d'une  image 
acquise  en  iti  en  mode  multibande  (01-08-87),  une  image  acquise  en 
automne  en  mode  multibande  et  en  mode  panchromatique  (25- 10-86) 
et  une  image  acquise  en  hiver  en  mode  panchromatique  (21-02-87). 

On  prysente  les  mythodes  de  rehaussement  d'images  utilisyes  pour 
amyiiorer  la  quality  visuelle  des  donnyes  satellitaires  et  leur 
intygration  la  carte  topographique.  On  discute  d'autre  part  des 
techniques  de  dytection  automatique  des  changements  pour  les 
yiyments  planimyuiques. 

ABSTRACT 

The  main  object  of  this  research  work  is  to  evaluate  the  potential  of 
SPOT  imagery  for  extracting  planimetric  data  from  1:50  000  scale 
topographical  maps.  More  precisely,  the  aim  is  to  determine  the 
input  of  SPOT  data  in  the  framework  of  the  Canadian  map  revision 
prop’am.  The  area  under  consideration  is  located  in  the  Sherbrooke 
region  in  Quebec  (topographical  map  21  E/5).  The  digital 
planimeuic  data  files  corresponding  to  edition  6  of  the  topographical 
map  is  used  for  ground  truth  purposes.  A  conversion  of  the 
planimetric  data  from  the  vector  format  to  a  raster  format  will  be 
applied  to  make  the  data  compatible  with  satellite  data.  The  analysis 
is  focused  on  the  use  of  an  image  acquired  during  the  summer  in 
multiband  mode  (08-02-87),  one  acquired  during  the  fall  in 
multiband  and  panchromatic  mode  (10-25-86)  and  another  image 
acquired  during  the  winter  in  panchromatic  mode  (02-21-87). 

We  present  the  image  enhancement  methods  used  for  increasing  the 
visual  quality  of  the  satellite  data  and  their  integration  into  the 
topographical  map.  We  also  discuss  the  techniques  used  for  the 
automatic  determinauon  of  changes  in  tlie  planimeuic  elements. 

1.  INTRODUCTION 

Depuis  le  lancemcnt  du  satellite  SPOT,  le  dyveloppement  des 
applications  cartographiqucs  k  I'aide  de  dg^nnyes  satellitaires  connait 
un  essor  considyrable.  Le  Ministbre  de  I'Energie,  des  Mines  et  des 
Ressoutces  du  Canada  utilise  dijk  les  images  satellitaires  pour 
la  rdvision  de  cartes  topographiques.  Entre  autre,  le  ministbre 
plamfie  I'acquisition  des  photographies  ayriennes  dans  les  secteurs 


oh  les  changements  observys  sont  considyrables  et  fryquents.  Un 
programme  de  mise  h  jour  des  yiyments  cartographiques  pour  les 
cartes  au  1;  50  000  et  au  1:  250  000  est  rdalisy  k  partir  des  images 
LANDS AT-MSS  et  il  est  opyrationel  depuis  plusieuis  aundes. 
Cependant,  cette  rdvision  est  ryalistie  jusqu'h  maintenant  de  fagon 
manuejle  en  superposant  I’image  satellitaire  h  la  carte  topographique 
et  en  identifiant  les  changements  survenus  entre  I'image  et  le 
document  topographique  (Gregory  and  Moore,  1986). 

2.  BUT  ET  OBJECTIFS 

Le  projet  prysenty  vise  I'yvaluation  du  potentiel  du  satellite  SPOT 
pour  I'extraction  des  yiyments  planimytriques  des  cartes 
topographiques  au  1:  50  000.  Dans  un  premier  temps,  il  s’agit  de 
dyvelopper  des  nnythodes  de  rehaussements  d'images  en  vue 
d'amyiiorer  la  quality  visuelle  des  images  satellitaires.  D'autre  part, 
le  projet  met  I’accent  sur  la  mise  au  point  de  tech.niques  de  dytection 
des  yiyments  planimytriques.  L'objectif  visy'est  de  trouver  la 
technique  optimale  pour  la  dytection  de  chaque  yiyment.  Suite  k  cette 
analyse,  une  comparaison  sera  faite  entre  les  fichiers  graphiqiies 
(contenu  thymatique  de  la  carte  21  E/5)  et  les  meilleures  mythodes. 

3.  DONNIES  SATELLITAIRES  ET  TH^iMATIQUES 

Le  secteur  d'ytude  correspond  au  feuillet  Sherbrooke  21  E/5  de 
la  carte  topographique  au  1:  50  000  situti  en  Estrie  dans-le  sud  du 
Quybec.  11  occupe  une  rygion  comprise  entre  45*  15'  et  45’  30'  de 
latitude  nord  et  entre  71*  30'  et  72*  de  longitude  ouest.  Ce  secteur 
couvre  une  superficie  de  1  086  km2. 

Nous  avons  utilisd  la  syrie  suivante  d'images  du  satellite  SPOT: 

-  une  image  SPOT  acquise  en  dans  le  mode  multibande(MLA)  le 
02/08/87; 

-  une  image  SPOT  acquise  en  automne  dans  le  mode  multibande  et 
une  autre  dans  le  mode  panchromatique  (PLA)  le  25/10/86, 

-  une  image  SPOT  acquise  en  hiver  dans  le  mode  panchromatique  le 
21/02/87. 

4.  M^ITHODOLOGIE 

4.1  Prytraitement  des  donnccs  satellitaires 

La  majority  des  maitements  ont  yty  ryalisye  au  CARTEL  a  I'aide  de 
notre  systfeme  de  traitement  numyrique  d'images  ARIES  III  de 
DIPIX  (DIPIX,  1986).  Toutes  les  images  sont  du  niveau  de  base  de 
prytiaitement  IB  (Bygni  et  a/.,  1987)  et  elles  ont  yty  traityes  h  partir 
du  systime  MOSAICS  du  Centre  canadien  de  tyiydytection  (EMR) 
Ce  niveau  comprend  les  corrections  radiomytriques  et  les  corrections 
gdomytriques  liyes  aux  dyformations  systymatiques  introduites  par 
les  conditions  de  prise  de  vue  (rotation  de  la  terre,  effet 
panoramique,  effet  de  fiiy).  Une  correction  radiomytrique 
transforme  les  valeurs  dt  niveaux  de  gris  relatifs  (DN)  en  luminance 
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apparente.  La  reflectance  apparente  (p*)  au  capteur  a  ensuite  dte 
calcuiee  pour  normaliser  les  valeurs  de  luminance  par  rapport  aux 
conditions  de  prises  de  vue,  diff^rentes  pour  chaque  image,  et  par 
rapport  aux  differences  entre  capteurs  (HRVl  et  HRV2)  (Begni  et 
al.,  1986). 

line  correction  geometrique  permet  de  rectifier  tes  images 
satellitaires  selon  la  grille  de  projection  cattographique  UTM  propre 
aux  cartes  topographiques  (1:  50  000)  au  Canada.  Nous  avons 
utilise  une  serie  de  ^ints  geoddsiques  foumis  par  le  Centre  canadien 
de  geomatique  de  Sherbrooke  pour  les  points  de  contrdle.  Une 
equation  poiynominale  du  second  degrd  determine  la  transformation 
requise  pour  rendre  les  donnees  satellitaires  conformes  k  la  grille  de 
projection.  Bn  moyenne,  I'erreur  residuelle  obtenue  en  ligne  et  en 
colonne  est  de  3  metres. 

Nous  avons  cree  trois  sous-images  representatives  du  secteur 
d'etude  et  caracteristiques  de  I'ensemble  des  elements  planimetriques 
de  la  carte  topograpnique.  Unc  premiere  sous-image  se  situe  en 
milieu  agricole  pres  de  la  station  de  recherche  d'Agriculture  Canada 
e  Lennoxville,  une  seconde  couvre  la  ville  de  Sherbrooke  et  une 
troisieme  se  localise  en  milieu  forestier  pres  de  Taeroport  de 
Sherbrooke. 

4.2  Traitements  num^riques 

a)  Rehaussement  de  contraste 

Les  differentes  techniques  de  rehaussement  visent  e  accentuer  dans 
I'image  les  valeurs  correspondant  aux  elements  dlntdret  tout  en 
attenuant  ou  en  dliminant  celles  correspondant  aux  objets 
inopportuns.  Le  rehaussement  des  contrastes  qui  en  rdsultent 
permet  une  meilleure  identification  de  la  nature  et  de  la  localisation 
des  ^Idments  analyses. 

Plusieufs  techniques  de  rehaussement  de  contraste  par  4talement  de 
I'histogramme  ont  dt6  appliqu6es  sur  les  sous-images  tests.  On 
peut  modifier  le  contraste  d'une  image  en  effectuant  un  6tirement  de 
cet.histogramme,  c'est-h-dire  une  redistribution  de  I'dtendue  des 
valeurs  num^riques.  Nous  avons  6valu6  6  types  d'6tirements: 

.  6tirement  lin&iire 
.  6tirement  lin^aire  par  intervalle 
.  6tirement  par  dgalisation 
.  6tirement  par  une  loi  puissance 
.  6tirement  logarithmique 
.  6tirement  par  une  loi  exponentielle 

b)  Integration  du  mode  panchromatique  au 
mode  multibande 

La  methode  mise  au  point  par  Cliche  et  al.,  (1985)  permet 
I'integration  des  donates  satellitaires  provenant  des  deux  modes 
d'acquisition.  Ce  rehaussement  associe  la  qualitd  spatiale  des 
donnees  panchromatiques  avec  la  qualite  spectrale  des  donnees 
multibandes  (Charbonneau  et  al.,  1988).  Cette  combinaison  devrait 
ameiiorer  I'identification  des  elements  lineaires  et  augmenter  le  rendu 
visuel,  attenuant  ainsi  I'apparence  plus  floue  des  donnees 
multibandes.  Quatre  images  satellitaires  h  10  m  de  resolution  spatiale 
ont  ete  creees  K  paitlr  de  I'integration  des  donnees  de  diverses  dates: 


1)  integration  PLA  (25-10-86)  -  MLA  (02-08-87): 

2)  integration  PLA  a5-10-86)  -  MLA  t25-10-86); 

3)  integration  PLA  (21-02-87)  -  MLA  (25-10-86); 

4)  integration  PLA  (21-02-87)  -  MLA  (02-08-87). 

c)  Analyse  en  composantes  principalcs 

Cette  technique  vise  I  diminuer  la  correlation  entre  les  differents 
canaux  en  effectuant  une  rotation  des  axes  de  reference  dans  I'espace 
h;N  dimensions,  N  correspondant  au  nombre  de  canaux  utilises.  La 
generation  de  signatures  spectrales  se  fait  en  considerant  I'ensemble 
de  I'image  test  comme  site  d'entrainement.  Les  nouveaux  axes,  ou 


composantes  principales  sont  deflnis  par  les  valeurs  propres  des 
canaux  d'entree  et  sont  calcuiees  h  paitir  des  signatures  spectrales 
definies  precedemment. 

d)  Filtrage  des  images 

Les  filtres  spatiaux  sont  des  m^thodes  de  rehaussement  d'images.  i! 
s'agit  d'une  combinaison  arithmetique  appliqu6e  sur  des  pixels 
voisins  pour  augmenter  ou  rdduire  le  contraste  entre  les  differents 
616ments.  Les  filtres  utilises  dans  ce  projet  de  recherche  ne 
concernent  que  I'analyse  des  variations  spatiales  dans  I'image 
(ff&]uence  spatiale).  Le  filtrage  repose  sur  I'utilisation  d'une  fenetre 
mobile  d'une  taille  spdcifide  par  I'opdrateur  et  une  nouvelle  valeur 
du  pixel  central  est  calcul6e  h  partir  de  ses  voisins  dans  cette  fenStre. 
De  nombreux  tests  ont  6t6  experiment's  avec  des  fenetres  de  tallies 
differentes  (3x3,  5x5,  7x7,  9x9)  mais  les  filtres  utilisant 
une  fenetre  3  x  3  ont  donn6  de  meilleurs  rdsultats.  Divers  filtres  ont 
ete  evaiues; 

.  filu'e  passe-bas 
.  filtre  passe-haut 
.  filtre  contour 
.  filtre  directionnel 

e)  Combinaison  de  canaux 

La  creation  de  neo-canaux  resulte  de  la  combinaison  de  differents 
canaux  par  des  operations  mathematiques  de  base  ( +,  /,  -,  *). 

Nous  avons  experimente  quelques  combinaisons  classiques: 

a)  IR/RouR/IR 

b)  IR  *  R 

c)  (IR-R)/(IR  +  R) 

d)  IR  +  R 

e)  (1R-R)/[(1R  +  R  +  L)*(1.0■^L)] 

f)  IR  -  R  ou  R  -  IR 

IR  a  canal  infrarouge 
R  =  canal  rouge 

L  =  constante  variant  entre  0,25  et  1 ,0 

5.  ANALYSE  PR^LIMINAIRE  DES  RESULT  ATS 

Nous  avons  evalue  le  potentiel  des  divers  traitements  effectues  pour 
la  detection  des  elements  cartographiques.  Les  resultats  prdsentes 
dans  cet  article  correspondent  h  I'analyse  des  images  test  et  non  a 
I'ensemble  du  sccteur  d'etude.  Parmi  la  liste  du  contenu  thematique 
(tableau  1),  on  compte  cinq  thimes  qui  ne  sont  pas  presents  sur  la 
carte  21  E/5.  Ces  thfemes  sont:  route  plus  de  deux  voies  non  paVees, 
piste  de  karting,  tunnel/passage  souterrain,  quai  et  voie  ferree 
multiple. 

Dans  une  premiere  etape  d'analyse,  nous  avons  fait  des 
regroupements  de  elements  cartographiques  car  les  caracteristiques 
spectrales  de  ces  variables  sont  proches  et  ils  sont  done  ditficiles  k 
dissocier.  On  retrouve  les  associations  suivantes; 

1)  batiment  et  installation  industrielle 

2)  friche  et  paturage 

3)  clairiere,  coupe  h  blanc,  feu  de  foret  et  perede 

4)  sol  nu  et  labour 

Par  ailleiirs,  le  theme  coiirs  d'eau  a  ete  divise  en  deux  categories 
(rivifere  et  ruisseau)  et  on  a  forme  deux  types  de  ligne  de 
transmission  d'energie  (petite  et  grande  en  fonction  de  I'importance 
du  deboisement).  On  compte  une  douzaine  d'eiements  dans  la  liste 
qui  ne  sont  pas  identifies  comtne  donnees  planimetriques 
traditionnelles.  II  s'agit  de:  surface  boisee-coniftre,  surface  boisee- 
caduque,  surface  boisde-mixte,  labour,  sol  nu,  type  de  culture  et  les 
deux  themes  regroupes.  friche/paturage  et  clamere/coupe  h  blanc/feu 
de  foret/percee.  Normalement,  la  carte  topographique  regroupe  tous 
ces  elements  en  deux  grandes  families,  surface  boisee  et  surface 
agricole. 
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^LfiMENTS  CARTOGRAPHIQUES 
Auloioutc 

Route  plus  dc  2  voles  pavtes 
Route  2  voles  ou  molns  puvdes 
Route  plus  de  2  voles  non  pavics 
Route  molns  de  2  voles  non  pavdes 
Chcmln  de  chanQl/senticr/chemin  dtiiver 
Vole  fendc  unique 
Piste  d'attdrissagc  -  pavdc 
Piste  d'attdrissage  •  non  pavde 
Piste  de  karting 
Ponl/passcrellc 

Lignc  de  transmission  d'dncrgic  •  petite 

Ligne  dc  transmission  d'dncrgie  -  grande 

Remontepente 

Coursd'eau-rividre 

Cours  d'eau  •  ruisscau 

Esker 

Chute 

Rapide 

Ratio 

Barrage 

Qua! 

BJtimcni/installation  mdustrielle 
Tour 

Cheminde 

Lac/diang 

Abrcuvoir/rdscrvolr^iscinc 
Bassin  dc  rdtration 
lie 

Terre  inondable 
Marais/mardcage 
Agglomdration  urbaine 
Terrain  de  golf 
Terrain  dc  sport 

Camire  (gravidrc/sablitrc/minc/ctc.) 

Courdcferraille 

Ddpotoir 

Surface  boisdc  -  conilbrc 
Surfaa  boisdc  -  caduque 
Surface  boisdc  -  mixtc 
frichc/paturage 

Clamdre/coupe  h  blanc/fcu  dc  forel/pcrcdc 

Sol  nu/labour 

Culture 

Type  dc  cultures 


ENSEMBLE 

LlNfiAlRE 


ENSEMBLE 

PONCTUEL 


ENSEMBLE 

ZONAL 


AUTRES 

fiL^MENTS 


Tableau  1.  ^Idmcnlsducontcnuihdmatiquc 

line  cote  allant  de  1  a  4,  soil  de  nulle  it  excellente,  a  dtd  donnde  pour 
chaque  traitement  en  fonction  de  leur  potentiel  pour  la  detection  des 
dldments  cartographiques.  Nous  avons  ajoutd  la  lettre  "c"  pour 
confusion  lorsque  la  reconnaissance  d'un  dldment  peut  se  confondre 
avec  une  ou  plusieurs  autres  variables  du  contenu  thdmatique.  Pour 
faciliter  la  comprdhension  de  I'analyse,  les  dldments  sont  groupds  en 
quatre  grands  ensembles  soit  lindaire,  ponctuel,  zonal  et  autres 
didments.  Le  dernier  regroupement  rdfdre  aux  dldments  de  type 
utilisation  du  sol  et  non  inclus  dans  Ic  contenu  thdmatique  habituel 
des  cartes  topographiques.  Le  choix  des  meilleurs  traitements  est 
hnsd  stir  les  cotes  allnudes  &  chacun  en  fonction  de  leur  potentiel  de 
ddtcction  visuel  sur  dcran  viddo  ^  haute  rdsolution.  L'analyse 
visuelle  a  dtd  rdalisde  par  trois  personnes  et  la  cote  alloude  est  la 
synthdse  de  I'dquipe.  Plus  de  cinquante  types  de  traitements 
diffdrents  ont  dtd  analysds. 

5.1  Ensemble  lindaire 


L'dvaluation  des  donndes  satellitaires  brutes  montre  le  fort  potentiel 
de  I'image  PLA  du  21-02-87  pour  la  distinction  des  dldments 
lindaires.  Celle-ci  s'est  avdide  la  meilleure  parmi  les  quatre  images 
analysdes.  On  retiouve  un  excellent  contraste  enne  le  rdseau  routier 


non-enneigd  &  cette  date  et  I'cnsemble  de  I'image.  Le  paralldle  entre 
surface  enneigde  et  non-enneigde  fait  ressortir  tous  les  dldments 
lindaires. 

Les  rdsultats  de  I'interprdtation  des  quatre  images  erddes  par 
I'intdgration  MLA  +  PLA  s'avdrent  presque  similaires  pour  trois 
d’entre  elles.  Les  images  intdgrdes  (PLA-aut.  +  MLA-dtd),  (PLA- 
aut.  +  MLA-aut.)  et  (PLA-hiver  +  MLA-dtd)  permettent  une  bonne 
distinction  dc  ces  dldments.  La  combinaison  de  I'aspect  spatial  des 
donndes  panchromatiques  associde  h  I'aspect  spectral  des  donndes 
multibandes  SPOT  dlimine  I'effct  "d'escalier"  que  I'on  retrouve 
particulidrement  pour  les  variables  lindaires.  Cependant  on  doit 
demeurer  prudent  pour  I'interprdtation  des  intdgrations  rdalisdes 
avec  des  images  dc  diffdtentes  dates. 

Dans  I'ensemble,  les  images  erddes  par  une  modification  de 
I'histogramme  ont  procurd  des  rdsultats  intdressants  pour  la 
ddtcction  des  thdmes  lindaires.  Parmi  les  traitements  effectuds, 
I'image  obtenue  par  un  dtirement  de  type  loi  puissance  sur  la 
premidre  composante  principale  des  donndes  MLA  du  02-08-87  d 
(10  m)  permet  la  meilleure  distinction  du  cofitenu  lindaire.  Au 
niveau  des  techniques  de  filtrage,  I'application  d'un  filtre  contour 
(Laplacien  croisd  rehaussd)  sur  les  donndes  PLA  du  21-02-87 
s'avdre  supdrieure  aux  autres'mdthodcs  testdes  pour  les  dldments 
lindaires.  Les  composds  fausses  couleurs  du  25-10-86  et  02-08-87 
sc  sont  avdrds  exccllents  pour  la  distinction  des  dldments  lindaires. 
Cependant,  il  est  d  noter  qu'un  filtre  contour  (diffdrence  moyenne 
rchaussde  avec  une  ponddration  du  pixel  central  ^  9)  est  appliqud 
sur  la  bande  verte  et  sur  la  bande  rouge.  Les  donndes  de 
I'infrarougc  demeurent  intactes.  Les  filtres  rehaussent  le  contenu 
lindaire  des  images. 

En  rdsumd,  on  constate  que  les  thdmes  autoroute  et  route  plus  de 
deux  voies  pavdes  ont  dtd  ddteetdes  par  la  majoritd  des  traitements. 
Ces  dldments  ne  demandent  pas  de  traitement  particulier  pour  leur 
distinction.  On  les  ddtectc  sur  les  images  brutes  mais  la  mdthode 
d'intdgration  des  donndes  PLA  aux  donndes  MLA  facilite  la 
ddtcction  dc  ces  dldments.  L'appoit  de  la  fine  rdsolution  spatiale  des 
donndes  PLA  est  considdrable  pour  la  discrimination  des  variables 
lindaires.  La  distinction  des  routes  non  pavdes  est  seulcment 
possible  avec  les  donndes  MO  m  de  rdsolution  spatiale,  plus 
particulidrement  sur  I'image  PLA  d'hiver  d'oii  I'importance  de 
I'aspect  spatial.  La  ddtcction  des  thdmes  chemin 
d'hiver/sentier/chemin  de  charroi,  voie  ferrde  et  ligne  de 
transmission  d'dncrgie  est  dtroitement  relide  au  contexte  environnant 
des  dldments  ainsi  qu'd  leur  dimension  (superficies  Par  exemple, 
on  discrimine  facilement  un  sentier  a  I'intdrieur  d'une  zone  boisde. 
Par  contre,  on  perd  compldtcment  le  tracd  d'une  ligne  de 
transmission  dans  les  secteurs  agricoles. 

L'dldment  piste  d'attdrissage  non  pavde  a  dtd  impossible  d  ddtecter. 
Au  niveau  spectral,  cc  thdme  se  confond  avec  les  zones  de  friches 
et/ou  de  paturages.  Un  probldme  diffdrent  sc  pose  pour  l'dldment 
remonte-pente.  On  peut  ddduire  qu'il  existe  un  remonte-pente 
lorsque  Ton  distingue  des  pistes  de  ski  bien  que  Ton  ne  voit  pas 
I'infrastructure  proprement  dite.  Le  rdseau  hydrograpique  et  plus 
particulidrement  la  distinction  des  rividres  n'a  pas  montrd  de 
difficultd  majeure . 

5.2  Ensemble  ponctuel 

La  ddtcction  des  dldments  ponctuels  est  dans  I'ensemble  peu 
convaincante.  Ces  thdmes  sont  gdndralement  de  petite  taille  et  leur 
distinction  est  limitde  d  la  rdsolution  spatiale  des  donndes 
satellitaires.  Pour  I'ensemble  des  thdmes  ponctuels,  l'dldment 
batiment/installation  indusuielle  a  dtd  le  plus  facile  d  identifier  parmi 
toutes  les  images  retenues  en  ne  prenant  en  considdration  que  les 
constructions  ayant  une  grande  superficie.  Une  confusion  demeute 
entre  le  batiment  en  tant  que  tel  et  I'espace  rdservd  pour  K 
stationnement.  Aucun  traitement  n'a  permis  la  ddtcction  des 
dldments  tour  et  cheminde. 

II  est  intdressant  dc  noter  que  Ton  distingue  des  zones  d'eau  fibre 
(non  gelde)  sur  les  deux  principales  rividres  sur  I'image  PLA 
d'hiver.  11  est  done  possible  de  localiser  les  rapidcs,  les  barrages  et 
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des  zones  de  pollution  bien  que  cette  distinction  puisse  etre  li6e  au 
ddbit  des  cours  d'eau. 

5.3  Ensemble  zonal 

Les  donn^es  MLA  brutes  permettent  une  bonne  distinction  des 
dl^ments  zonaux.  Cependant  I'image  d'automne  offre  plus  de 
potentiel  de  detection.  On  arrive  facilement  k  diff^rencier  les  zones 
de  feuillus  des  zones  de  conifires,  les  terrains  de  golf  des  pSturages 
et  des  secteurs  en  friche.  Les  images  issues  des  integrations 
n'augmentent  pas  la  detection  des  dl^ments  zonaux  car  ces  thimes 
possident  des  dimensions  assez  grandes.  Une  resolution  spatiale 
plus  fine  n'ameiiore  pas  la  differenciation  de  ces  variables. 

Les  images  rehaussees  par  modification  de  I'histogramme,  de 
techniques  de  filtrage  et  de  combinaisons  de  canaux  ont  6t6  moins 
efficaces  pour  la  detection  des  elements  zonaux  que  des  themes 
lineaires.  Les  composes  fausses  couleurs  avec  les  bandes  vene  et 
I'luge  filtrees  ont  ete  aussi  efficaces  que  les  donnees  MLA 
habituelles.  La  detection  des  elements  zonaux  de  petite  taille  n'est 
pas  possible  (lac/etang,  abreuvoir/reservoir/piscine  et  petite  !le).  La 
discrimination  de  ces  themes  est  limitee  e  la  resolution  spatiale  des 
donnees  satellitaires.  Le  contraste  entre  la  piste  de  course  h  pied  et 
les  zones  couvertes  de  gazon  facilite  la  detection  de  I'eiement  terrain 
de  sport. 

Les  variables  carriere,  cour  de  ferraille,  depotoir,  sol  nu  et  labour  se 
confondent  et  Ton  doit  analyser  le  contexte  environnant  pour  les 
differencier.  L'eiement  agglomeration  urbaine  ne  demande  pas  de 
traitement  patticulier,  on  le  detecte  sur  toutes  les  images.De  fa;on 
generale,  les  elements  zonaux  se  sont  averes  etre  les  variables 
necessitant  les  traitements  les  moins  sophistiques. 

6.  CONCLUSION  ET  SVNTHfeSE  DES  R^SULTATS 

La  synthase  des  resultats  est  resumee  dans  le  tableau  2.  On  presente 
I'occurence  des  cotes  4  et  3  de  divers  traitements  evalues  en 
foncdon  des  ensembles  lineairc,  ponctuel,  zonal  et  autres  elements. 

Plusieurs  constatations  se  degagent  de  ce  tableau.  On  temarque  que 
les  composes  fausses  couleurs  1 10  m  resultant  de  I'integration  PLA 
+  MLA  ont  ete  superieurs  aux  autres  traitements  pour  la  detection  de 
I'ensemble  du  contenu  thematiquc  (totaux  entre  12  et  14  pour  la  cote 
4).  Les  composes  fausses  couleurs  avec  un  filtre  contour  sur  les 
bandes  verte  et  rouge  se  sont  averes  egalement  trJs  performants 
pour  la  distinction  des  elements  canographiques  (totaux  12  et  13 
pour  la  cote  4). 


De  fa?on  globale,  la  detection  des  ensembles  lineaire  et  zonal  n'ont 
pas  montre  de  difficuUe  majeure.  Nous  avons  trouve  des 
traitements  appropries  pour  la  distinction  des  divers  elements. 
Cependant,  le  tableau  3  montre  le  faible  potentiel  des  traitements 
experimentes  pour  la  reconnaissance  des  variables  ponctuelles.  Ces 
elements  thematiques  sont  generalement  de  petites  tallies  et  la 
resolution  spatiale  demeure  toujours  une  contrainte  pour  leur 
detection. 

Pour  les  variables  de  I'ensemble  autres  elements,  differents 
traitements  testds  se  sont  averes  efficaces  pour  distinguer  les 
surfaces  boisees  de  type  coniftre  et  caduque.  Les  meilleurs 
traitements  sont  les  composes  fausses  couleurs  h  10  rn  ou  20  m.  La 
detection  du  groupe  clairiere/coupe  h  blanc/feu  de  foret/perjee  a  ete 
obtenue  par  la  majorite  des  traitements.  Les  rdsultats  sont  moins 
probants  pour  I'identification  des  types  de  culture.  Au  niveau 
spectral,  un  champs  en  labour  est  considere  comme  un  sol  nu  d'oh 
leur  confusion. 

Ce  projet  est  rdalisi  grace  k  une  proposition  sponiande  financde  par 
MAS/6MR/MDN  (conlral  no.  23258.8-9002  /  SD). 
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A;  donnkes  MLA  <Sa  2  aoOt  1987 
B:  donnkes  MLA  du  25  octobre  1986 
C:  donnkes  PLA  du  25  octobre  1986 
D:  donnkes  PLA  du  21  Ikvrier  1987 
E:  Intkgratlon  PLA  (25-10-86)  +  MU  (02-08-87) 

F:  Intkgration  PU  (25-10-86)  +  MU  (25-10-86) 

G:  Intkgratlon  PU  (21-02-87)  *  MU  (25-10-86) 

H:  Intkgratlon  PU  (21-02-87)  +  MU  (02-08-87) 

I :  donnkes  MU  rehausskes  (02-08-87)  avec  un  filtre  contour  (dillkrence  moyenne  avec  une  pondkration  du  pixel  central  k 
9)  pour  les  bandes  verte  et  rouge 

d;  donnkes  MU  rehausskes  (25-10-86)  avec  un  filtre  contour  (diffkrence  moyenne  avec  une  pondkration  du  pixel  central  k 
9)  pour  les  bandes  verte  et  rouge 


Tableau  2.  Synthkse  des  rksultats:  Occurence  des  cotes  4  et  3  pour  les  divers  traitements. 
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The  spectral  reflectance  properties  of  Athabasca  tat  sands  in  the  0.35-2.6jjm 
wavelength  range  were  examined  because  of  their  potential  importance  for  remote  sensing 
detection  of  surficial  hydrocarbon  seeps.  The  data  are  also  useful  for  attempts  to  develop 
reflectance  spectroscopy  into  a  rapid,  non-invasive  analytical  tool  for  the  characterization  of 
tar  sands,  heavy  oils,  oil  shales,  coals,  and  other  hydrocarbon -bearing  materials. 

A  common  initial  step  in  hydrocarbon  exploration  is  the  examination  of  available 
remote  sensing  data.  The  emphasis  at  this  stage  has  all  too  often  been  on  the  surficial 
structural  geology.  Potentially  useful  geochemical  and  mineralogical  information  is  generally 
ignored,  perhaps  due  to  the  fact  that  the  spectral  reflectance  properties  of  many  geological 
materials  are  ;Morly  known.  The  spectral  properties  of  tar  sands  were  examined  in  order  to 
provide  laboratory  data  of  use  to  remote  sensing  data  analysis.  Tar  sands  were  selected  for 
study  because  they  are  compositionally,  and  perhaps  spectrally,  very  similar  to  oxidized 
hydrocarbon  outcrops. 

The  laboratory-derived  reflectance  spectra  of  tar  sands  show  an  abundance  of 
diagnostic  absorption  features  in  the  0.35-2.6;im  interval.  Discrete  absorption  bands  due  to 
clay,  water  and  bitumen/organics  appear  at  well-defined  wavelengths.  The  strengths  of  the 
absorption  features  are  directly  related  to  the  various  phase  abundances.  The  primary 
absorption  bands  due  to  the  hydrocarbons  appear  at  'i.7jim.  and  from  2.3  to  2.6nm.  Qay 
absorption  bands  are  found  near  1.4  and  1.9;im.  These  bands  are  attributed  to  bound  and 
structural  water  in  the  clay  structure  and  the  wavelength  positions  of  the  band  minima  ate 
diagnostic  of  the  particular  clay(s)  present.  The  shape  and  broadness  of  these  bands  is  also  a 
function  of  the  degree  of  crystallinity  of  the  clay  and  the  number  of  distinct  structural  sites 
available  to  the  water  and  OH  molecules.  Absorption  bands  due  to  free  water  (unattached  to 
the  clays)  are  also  present  near  1.4  and  1.9Mm,  but  differ  slightly  from  the  wavelength 
positions  of  the  clay  bands.  These  differences  are  easily  resolvable  in  moderate  resolution 
spectra. 

The  laboratory  data  suggest  that  *4  wt.  %  bitumen  is  required  in  a  sample  to  be 
unambiguously  detected.  This  detection  limit  will  of  course  vary  somewhat  depending  on  the 
nature  of  the  other  phases  present  in  the  material.  The  1.7nm  absorption  band  is  potentially 
very  important  for  remote  sensing  because  it  lies  outside  the  regions  of  atmospheric 
absorption  and  is  not  significantly  overlapped  by  the  most  common  mineral  absorption  bands. 
The  spectral  slope  in  the  2.3-2.6um  region  can  also  be  used  for  hydrocarbon  detection.  A 
negative  slope  characterizes  all  known  clays,  while  a  positive  slope  is  present  in  the  spectra  of 
bitumen-rich  (>10  wt.  %)  samples. 

Many  organic-rich  materials  show  certain  broad  spectral  similarities  to  the  tar  sands- 
low  overall  reflectance,  an  absorption  near  1.7)»m,  and  a  positive  slope  towards  longer 
wavelengths.  While  these  spectral  parameters  are  by  no  means  unique,  they  can  be  used  to 
severely  constrain  the  possible  compositions  of  a  target  when  only  very  low  resolution  spectral 
data  is  available.  As  the  capabilities  of  terrestrial  remote  sensing  platforms  improve, 
particularly  with  the  upcoming  EOS  program  in  the  1990's,  detailed  laboratory  spectral  data 
must  be  available  to  effectively  analyze  the  information  which  will  be  obtained. 

Acknowledgements:  This  study  and  the  researcher  were  supported  by  a  grant  and  scholarship 
from  the  Alberta  Oil  Sands  Technology  and  Research  Authority  (AOSTRA),  and  a 
Grant-in-Aid  (#582-12-01)  from  the  American  Association  of  Petroleum  Geologists. 
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Abstract 

The  observed  variation  in  the  reflectance  in  the  region  of 
chlorophyll  absorption  (450  to  900  nanometers)  of  mature  Pinus 
ponderosn  (Ponderosa  Pine)  is  explained  in  terms  of  pigment 
concentrations  and  stress  associated  with  pollutant  exposure 
Reflectance  and  chlorophyll  concentrations  were  measured  on 
each  years  growth  on  each  of  20  trees  at  four  sites  along  an 
ozone  exposure  gradient  in  the  southern  Sierra  Nevada. 
Additionally,  each  of  these  sites  was  characterized  in  terms  of 
stand  density  and  age.  Exposure  to  ozone,  a  strong  oxidt  it, 
results  in  chloroplast  injury.  Granulation  of  the  chloroplast 
stroma  is  an  early  metabolic  response  to  ozone  exposure. 
Thus,  an  examination  of  the  reflectance  changes  observed  along 
the  ozone  gradient  provide  a  means  for  quantifying  the  spectral 
changes  associated  with  chloroplast  damage  and  reduced 
photosynthetic  efficency.  Additionally,  the  spectral  trends 
associated  with  increasing  needle  age  were  related  to  the  effects 
of  cumulative  ozone  exposure  and  changes  in  overall 
chlorophyll  concentration.  It  was  found  that  the  within  site 
variation  of  the  reflectance  spectra  was  directly  related  to  total 
chlorophyll  concentration;  an  increase  in  chlorophyll 
concentration  resulted  in  both  a  shift  in  the  "red-edge" 
inflection  to  longer  wavelength  and  an  increase  in  the  depth  of 
the  chlorophyll  absorption  well.  Similarly,  an  increase  in 
chloroplast  damage,  associated  with  higher  levels  of  ozone 
exposure,  also  produced  shift  to  longer  wavelengths  of  the  "red- 
edge"  but  a  decrease  in  the  depth  of  the  absorption  welt.  The 
absorption  band  broadening  observed  in  the  high  ozone 
exposure  sites  is  indicative  of  an  increase  in  the  disorder  of 
absorbing  medium.  In  the  case  of  chlorophyll,  the  observed 
broadening  is  probably  the  result  of  damage  to  the  Ihylacoid 
membranes  within  the  chloroplasts. 

Keywords .  remote  sensing,  photosynthesis,  chlorophyll 


Introduction 

One  of  the  major  goals  within  the  field  of  botanical  remote 
sensing  is  the  accurate  assessment  of  ecosystem  productivity. 
Such  existing  and  proposed  models  for  the  detennination  of 
ecosystem  productivity  assume  a  linear  relationship  between 

A  O  A  ^  ^  A  M  M  ^  V  1  i*  A  ft  V  MM  1  1  •  *  MMft*V*M  MM*^«Mft*M««\ 
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vegetation  indices  such  as  NDVl  (normalized  difference 
vegetation  index),  (Sellers  1985  &  1987).  Additionally,  it  is 
generally  assumed  that  APAR  is  a  direct  measure  of  the 
maximum  photosynthetic  capacity  of  an  ecosystem  and  that  the 
photosynthciic  efficiency  of  an  ecosystem  is  constant.  Thus, 
these  models  calculate  ecosystem  productivity  by  integrating 
APAR  over  the  growing  season.  These  models  work  quite  well 
for  ecosystems  where  the  assumptions  are  valid. 


Several  factors  can  result  in  errors  in  NDVl  based 
estimates  of  APAR.  In  ecosystems  with  incomplete  canopy 
closure,  the  spectral  signature  received  by  the  sensor  has 
components  from  both  the  vegetation  and  from  the  substrate 
(eg.  soil,  rock,  plant  litter).  Depending  on  the  viewing  and 
illumination  geometries,  canopy  architecture,  and  on .  the 
albedo  of  the  substrate  in  the  region  of  chlorophyll  absorption, 
errors  in  NDVl  estimated  APAR  can  be  as  high  as  50  percent. 
The  presence  of  a  large  proportion  of  shadow  can  also  produce 
errors  in  the  observed  reflectance  of  a  forest  canopy  (Smith  et  al. 
1983;  Curtiss  and  Ustin  1988),  that,  if  they  are  not  corrected  for, 
can  result  in  an  underestimation  of  NDVl.  Thus,  calculated 
NDVl  can  vary  within  a  scene  due  to  changes  in  viewing 
geometry,  and  can  change  seasonally  because  of  illumination 
geometry.  These  changes  will  occur  independent  of  any  real 
change  in  ecosystems  photosynthetic  capacity. 

Ecosystems  tend  to  adjust  their  maximum  photosynthetic 
capacity  in  relation  to  available  resources  through  changes  in 
leaf  area  index  and  other  architectural  changes,  chlorophyll 
content,  and  species  composition  When  the  rate  change  in  a 
stress  is  greater  than  the  rate  at  which  the  ecosystem  can  adjust 
its  photosynthetic  rate,  the  assumption  of  constant 
photosynthetic  efficiency  is  not  valid.  Examples  of  this  are: 
short  term  stresses,  such  as  diurnal  water  stress;  longer  term  (3- 
6  months)  stress  for  ecosystems  with  slow  rates  of 
photosynthetic  capacity  adjustment,  such  as  coniferous  forests. 

In  some  instances,  these  assumptions  produce  errors  that 
cancel  each  other,  and,  therefore,  give  the  appearance  that  the 
model  is  working.  Northern  latitude  boreal  forests  are  an 
example  of  such  an  ecosystem.  During  the  winter  months, 
calculated  NDVl  for  these  ecosystems  goes  down  as  would  be 
expected  if  NDVl  is  related  to  photosynthetic  productivity.  In 
reality,  NDVl  goes  down  not  because  of  a  reduction  in  APAR, 
but  because  of  the  increase  importance  of  shadowing  associated 
with  the  seasonal  change  in  solar  zenith  angle.  This 
underestimate  of  APAR  is  offset  by  a  lowering  of 
photosynthetic  efficiency  resulting  from  the  lower  winter 
temperatures.  Because  the  predictions  of  ecosystem 
productivity  are  linked  to  solar  zenith  angle,  it  is  likely  that 
they  will  be  insensitive  to  true  changes  in  boreal  forest 
productivity  such  as  might  be  associated  witli  longer,  colder 
winters  or  more  frequent  spring  freezes. 

Many  of  the  errors  associated  with  NDVl  based  estimates 
of  APAR  can  be  overcome  by  using  contiguous,  high  spectral 
resolution  measurements  made  by  sensors  such  as  the  High 
Resolution  Imaging  Spectrometer  pianed  for  the  Eos  polar 
platform,  (Goetz  and  Herring  1989).  These  new  sensors 
measure  the  reflected  spectrum  in  many,  contiguous,  spectral 
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bands  in  the  visible  and  reflected  infrared  wavelengths;  this 
data  can  be  used  for  the  direct  identification  and  quantification 
of  spectral  features  diagnostic  of  leaf  constituents  and,  will  thus 
permit  a  more  physiologically  based  understanding  of 
vegetation  spectra.  Spectral  patterns  within  the  visible  and 
shortwave  infrared  regions  are  diagnostic  for  the  presence  of 
vegetation  (Asrar  et  al.,  1984).  They  may  permit  the 
identification  of  fundamental  physical  canopy  properties  (Goel 
and  Thompson,  1984a,b;  Sellers,  1985,  1986),  and  potentially 
define  spectral  patterns  related  to  the  assessment  of 
environmental  stress  (Chang  and  Collins,  1983;  Bauer,  1985). 
While  minerals  can  be  identified  based  on  the  presence  of 
diagnostic  spectral  features  (Goetz  et  al.  1985),  vegetation  spectra 
are  generally  very  similar  to  one  another  due  to  their  small  base 
of  shared  constituents,  e.g.  pigments,  cellulose,  lignin,  protein, 
starch.  Variations  in  shape  of  the  reflectance  spectra  of 
vegetation  will  be  largely  controlled  by  differences  in  leaf  and 
canopy  structure  and  foliar  optical  properties.  Additionally, 
because  of  the  high  dimensionality  of  these  datasets,  spectral 
un-mixing  models  (Adams  and  Adams  1984;  Smith  et  al.  1985; 
Adams  et  al.  1986)  can  be  used  to  separate  the  spectral  signatures 
present  in  a  mixed  pixel  (eg.  vegetation,  substrate,  shade,  see 
Uslin  et  al.  1986). 

To  date,  there  have  been  few  experimental  studies 
concernin'g  the  remote  detection  of  photosynthetic  properties. 
Most  experimental  studies  investigating  spectral  characteristics 
associated  with  physiological  processes  have  examined 
environmental  stress(es),  such  as  drought  or  mineral  excess,  on 
the  reflectance  characteristics  of  individual  leaves  (Chang  and 
Collins  1983;  Ripple  1986).  Stress-induced  shifts  in  the  red-edge 
have  been  reported,  both  toward  longer  (i.e.  red)  or  shorter 
(blue)  wavelengths,  and  have  been  attributed  to  changes  in 
chlorophyll  content.  This  red-shift  of  the  chlorophyll 
absorption  edge  was  first  reported  by  Gates  et  al.  (1965)  and  later 
by  Collins  (1978). 

In  a  pilot  study  of  ozone  treated  conifers,  Ustin  and  Curtiss 
(1987)  found  a  marked  increase  in  reflectance  in  the  chlorophyll 
absorbance  bands  of  ozone  treated  conifers  (Figure  1). 
Additionally,  they  report  a  small  blue  shift  of  3-9  nm  in  the 
derivative  of  the  inflection  point  wavelength  of  the  'red  edge' 
Such  changes  are  consistent  with  reports  of  chlorophyll  loss  as  a 
characteristic  consequence  of  ozone  injury.  Further,  Ustin  and 
Curtiss  (1987)  suggest  that  subtle  changes  in  the  590-690  nm 
spectral  region  indicate  that  chlorophyll  a  and  b  concentrations 
may  be  quantified  in  addition  to  total  chlorophyll 


Figure  1.  Mean  spectra  for  ozone  exposed  (dash  dot  line)  and  control 
(solid  line)  Ponderosa  Pine  seedlings.  The  seedlings  were  exposed  to  a 
single  seasons  duration  of  realistic  fumigation  with  Dose  levels 
representative  of  summer  air  quality  experienced  in  many  parts  of  the 
western  United  States. 


This  paper  presents  a  first  step  towards  a  better 
understanding  of  the  parameters  that  affect  that  portion  of  the 
reflected  light  spectrum  dominated  by  chlorophyll  pigment 
absorption.  It  is  hoped  that  this  understanding  will  provide  a 
basis  for  the  development  of  more  accurate  techniques  for  the 
assessment  of  APAR  and  photosynthetic  efficiency, 

Methods 

The  reflectance  spectra  of  ozone  exposed  Pinus  ponderosa 
(Ponderosa  Pine)  seedlings  and  needles  from  mature  trees  were 
measured  with  the  NASA  Jet  Propulsion  Laboratories'  PIDAS 
spectroradiometer  (Portable  Intelligent  Display  and  Analysis 
Spectrometer),  (Goetz  1987).  This  instrument  makes  reflectance 
measurements  in  1  nm  v;ide  spectral  bands  in  the  visible  and 
near  infrared  (400-900  nm)  and  in  5  nm  wide  spectral  bands  in 
the  near  and  shortwave  infrared  (900-2450  nm).  The  foreoptics, 

with  a  6°  field  of  view  was  placed  approximately  one  meter 
above  samples,  giving  about  a  10  centimeter  field  of  view. 
Illumination  was  provided  by  two  120  volt  1000  watt 
floodlamps  operated  from  two  120  volt  10  ampere  constant 
voltage  supplies  to  provide  a  constant  and  stable  light  source 
The  lamps  were  placed  opposite  each  other,  to  minimize 
shadows,  and  about  0.5  meters  above  the  canopy.  Irradiance  at 
the  canopy  was  approximately  equivalent  to  full  sunlight. 

The  Ponderosa  Pine  seedlings  were  exposed  to  a  single 
seasons  duration  of  realistic  fumigation  profiles  having 
stochastic  daily  doses  and  episodic  peaks.  Dose  levels  were 
chosen  to  be  representative  of  summer  air  quality  currently 
experienced  in  many  parts  of  the  western  United  States 
Reflectance  measurements  of  the  seedlings  were  made  on  9 
different  areas  on  composite  canopies  formed  from  arranging 
about  30  seedlings  in  a  tray.  The  elevation  of  the  trays  holding 
the  seedlings  were  adjusted  to  maintain  a  constant  distance 
between  the  canopy  top  and  the  PIDAS  foreoptics  FiberFrax,  a 
uniformly  reflective  ceramic  fiber  wool,  was  used  as  the 
reflectance  standard.  This  standard  was  placed  at  the  same 
distance  from  the  foreoptics  as  the  Ponderosa  Pine  canopies  and 
was  measured  before  and  after  each  set  of  canopy 
measurements. 

The  Southern  Sierra  Nevada  is  an  area  of  regional  ozone 
exposure.  Reflectance  spectra  of  three  branches  from  each  of  20 
Ponderosa  Pine  trees  at  four  sites  experiencing  a  range  of  ozone 
exposure  levels  were  measured  using  a  setup  similar  the  one 
used  for  the  seedlings.  Chlorophyll  analysis  and  reflectance 
measurements  where  made  separately  on  each  years  growth 
For  these  measurements,  Halon  was  used  as  a  reflectance 
standard.  A  more  complete  description  of  the  site  selection  and 
sample  analysis  is  presented  in  Ustin  el  al.  (1988). 

Results 

Ozone  tends  to  be  regionally  distributed  and  has  been 
clearly  implicated  in  forest  decline  (McLauglin  1986).  Chronic 
exposure  to  ozone,  a  strong  oxidant,  results  in  direct  injury  of 
cell  membranes,  with  chloroplast  injury  being  an  early 
metabolic  response.  General  disruption  of  chloroplast  function 
proceeds  other  cellular  changes  (Thompson  et  al.  1966).  Thus, 
ozone  exposure  provides  a  means  for  examining  the  spectral 
changes  associated  with  reductions  in  both  photosynthetic 
capacity  and  efficiency. 

llie  primary  spectral  changes  observed  in  the  seedings  is 
that  associated  with  chlorophyll  loss,  see  Figure  1.  Chlorophyll 
loss  results  in  an  increase  in  reflectance  in  the  region  of 
chlorophyll  pigment  absorption  (450  -  700  nm).  Additionally, 
this  chlorophyll  loss  results  in  a  shift  in  the  red  edge  inflection 
to  shorter  wavelengths  (a  blue  shift).  The  red  edge  inflection  is 
defined  as  the  center  at  half  maximum  of  the  first  derivative  of 
the  spectrum,  see  Figure  2.  The  use  of  the  wavelength  of  the 
red  edge  inflection  (RED  is  useful  because  it  is  much  more 
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Figure  2.  First  dcrviativc  spectrum  of  a  reflectance  spectrum  of 
Pondcrosa  Pine  showing  the  methodology  for  the  determination  of 
the  wavelength  of  the  REI.  The  REI  is  defined  as  the  center 
wavelength  at  half  maximum  of  the  first  denvative  spectrum.  This 
technique  is  less  sensitive  to  noise  than  the  use  of  the  wavelength  of 
the  first ‘derivative  maximum  or  the  wavelength  that  the  second 
derivative  crosses  zero. 

insensitive  to  mixed  pixel  effects  as  compared  to  NDVI  or  other 
band  ratio  techniques  for  the  quantification  of  light  absorption 
by  chlorophyll.  The  reflectance  spectra  in  Figure  3  show  that 
the  reflectance  spectrum  of  an  ozone  exposed  seedling  could  be 
confused  with  the  mixed  signature  of  a  control  (no  ozone 
exposure)  seedling  and  granitic  soil  when  using  a  broad  band 
sensor  such  as  TM  or  AVHRR.  However,  the  wavelength  of 
the  REI  of  the  mixture  does  not  match  the  REI  of  the  ozone 
exposed  seedling. 

While  the  relationship  between  chlorophyll  concentration 
and  maximum  photosynthetic  capacity  is  good  within  a  single 
species,  architectural  variation  between  species  and 
environmentally  produced  variation  in  photosynthetic 
efficiency  result  in  a  breakdown  of  this  relationship.  Thus, 
chlorophyll  concentration  can  be  used  to  asses  the  ability  of 
parameters  derived  from  reflectance  data  to  predict  maximum 
photosynthetic  capacity  only  when  the  comparison  is  made 
within  a  species  and  when  all  samples  have  equivalent 
photosynthetic  efficiency.  Figure  4  show  the  relationship 
between  REI  v/avelength  and  needle  chlorophyll  content  for 
two  site  with  similar  ozone  exposures.  Each  years  growth  (up  to 
four)  for  20  trees  a)  2  sites  is  plotted  as  a  separate  data  point. 


Figure  3.  Simulated  Fonderosa  Fine  and  soil  spectral  mixtures.  Tan 
granitic  forest  soil  and  Fonderosa  Fine  control  spectra  used  in 
simulated  mixture  (92.8),  and  the  mean  ozone  exposed  spectra  arc 
plotted.  While  the  mixed  spectrum  models  the  that  of  the  ozone 
exposed  seedling  quite  well,  the  REI  wavelengths  do  not  match. 


Figure  4.  The  relationship  between  needle  chlorophyll  concentration 
(micrograms/gram)  and  the  wavelength  of  the  red  edge  inflection. 
Data  shown  arc  the  chlorophyll  concentration  and  red  edge  inflection 
for  each  years  growth  on  20  trees  at  each  of  two  sites  in  the  Southern 
Sierra  Nevada  having  moderate  to  low  visual  symtoms  of  ozone 
injury. 

Some  of  the  variance  about  the  regression  line  observed  in 
Figure  4  can  be  explained  in  terms  of  variance  in 
photosynthetic  efficiency.  Within  a  single  site  there  is 
considerable  variation  in  the  observed  visual  symptoms  of 
ozone  injury,  such  a  chlorosis,  low  needle  retention  and  fewer 
years  of  needles  retained.  The  greater  chloroplast  damage  in 
these  trees  produces  a  broadening  of  the  chlorophyll  absorption 
bands  that  results  in  a  shift  to  longer  wavelengths  (a  red  shift) 
of  the  REI  (see  Fig.  5)  that  is  indicative  of  a  lower  overall 
photosynthetic  efficiency. 


Figure  5.  The  relationship  between  needle  chlorophyll  concentration 
and  the  wavelength  of  the  red  edge  inflection  for  two  sites  in  the 
Southern  Sierra  Nevada  having  moderate  to  low  visual  symtoms  of 
ozone  injury.  Values  for  individual  branches  have  been  grouped  based 
on  the  number  of  years  needle  retention  on  the  the  branch.  Branches 
having  the  needle  classes  of  the  same  age  have  similar  total 
chlorophyll  concentrations  and  red  edge  inflection  values.  Trees 
experiencing  higher  levels  of  ozone  damage  (those  trees  with  only 
two  years  of  needles  retained)  have  chlorop'nyll  absorption  bands 
that  are  correspondingly  broader. 
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S.ununary 

Pholosynthelic  properties  are  potentially  measurable  using 
parameters  derived  from  remote  sensing  data  such  as  the 
wavelength  of  the  red  edge  inflection.  The  wavelength  of  the 
red  edge  inflection  is  quite  Insensitive  to  mixed  pixel  effects, 
and,  therefore  may  be  used  for  ecosystems  with  incomplete 
canopy  closure.  Shifts  in  the  wavelength  of  the  red  edge 
inflection  to  shorter  wavelength  in  conjunction  with  a 
reduction  in  the  chlorophyll  absorption  well  depth  are 
indicative  of  a  reduction  in  total  chlorophyll,  and,  thus,  a 
reduction  in  photosynthetic  capacity.  Actual  photosynthetic 
rates  are  often  less  than  the  photosynthetic  capacity  due  to 
ambient  environmental  conditions,  such  as  chronic  ozone 
exposure,  drought  or  high  temperature  stress.  Red  edge  shifts 
to  longer  wavelengths  produced  by  ozone  induced  chloroplast 
membrane  damage  and  are  indicative  of  this  reduction  in 
photosynthetic  efficiency. 

Because  of  the  complex  interaction  of  chlorophyli 
absorption  band  broadening  and  band  depth  the  ability  to 
determine  the  components  of  the  photosynthetic  process  using 
the  remote  sensing  techniques  discussed  here  is  untried  and 
problematic.  However,  current  techniques  relying  on  measures 
like  NDVI  have  been  demonstrated  to  be  quite  sensitive  to 
canopy  structure,  variability  of  the  substrate,  and  viewing  and 
.illumination  geometry.  Thus,  more  accurate'  means  of 
predicting  photosynthetic  capacity  and  efficiency  are  required 
before  remotely  sensed  techniques  can  be  applied  for 
quantitative  scene-independent  predictions  of  ecosytem 
productivity.  If  the  specific  chlorophyll  absorption  feature 
parameters  identified  in  this  paper  can  alone,  or  in 
combination,  produce  greater  reliability  of  prediction,  then  the 
results  of  this  study  will  have  broad  significance. 
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ABSTRACT 

A  model  for  optical  scattering  from  a  single  leaf  is  devel¬ 
oped  using  the  vector  radiative  transfer  theory  for  electromag¬ 
netic  wave  propagation  in  random  media  and  Kirchhoff  rough 
surface  scattering  theory.  We  model  a  generalized  leaf  as  a 
slab  of  water  with  an  irregular  surface  containing  randomly 
distributed  spherical  scatterers.  A  modified  vector  radiative 
transfer  equation  and  its  boundary  conditions  are  used  to  deal 
with  the  multiple  scattering  process  within  the  leaf  and  Kirch¬ 
hoff  rough  surface  scattering  theory  is  used  to  include  the  sur¬ 
face  effects.  The  optical  parameters  of  a  single  leaf  in  the  calcu¬ 
lation  are  chosen  within  certain  ranges  based  on  the  knowledge 
we  have  about  leaves  The  normalized  scattering  cross  section 
per  unit  area  for  the  transmitted  and  reflected  vertical  and 
horizontal  intensities  for  a  horizontally  polarized  plane  wave 
normally  incident  on  a  leaf  from  such  a  model  are  computed 
for  corn,  potato  and  laurel  leaves  and  compared  with  experi¬ 
mental  results.  The  agreement  between  the  theoretical  results 
and  experimental  data  verifies  the  optical  scattering  model  for 
a  single  leaf. 

Introduction 

To  interpret, the  remote  sensing  data  acquired  from  air¬ 
craft  and  spacecraft,  it  is  necessary  to  understand  the  reflectance 
produced  by  features  on  the  surface  of  the  earth.  A  specific 
problem  in  agriculture  is  interpretation  of  reflectance  produced 
by  vegetation.  Therefore,  the  problem  of  the  Interaction  of 
light  with  a  plant  canopy  has  attracted  much  attention  in  re¬ 
cent  years.  There  are  several  theories  that  deal  with  this  prob¬ 
lem,  such  as  the  two  flux,  or  Kubelka-.Munk  theory  (Allen, 
et  al.,  1970;  Gaiisman  and  .Ulen,  1973,  Allen  and  Richard¬ 
son,  1968)  which  is  applicable  at  visible  light  frequencies  and 
the  strong  fluctuation  theory  (Fu.ng  and  I'laby,  1978;  Tsang 
and  Kong,  1981;  I'laby  and  Wilson,  1985)  at  microwave  fre¬ 
quencies.  However,  all  of  these  studies  treat  the  canopy  as  a 
whole  object  rather  than  looking  at  each  individual  leaf.  The 
problem  of  how  a  single  leaf  affects  the  propagation  of  elec¬ 
tromagnetic  waves  has  not  been  paid  much  attention.  In  this 
paper,  we  study  the  propagation,  scattering  and  depolarization 
of  an  electromagnetic  wave  by  a  single  leaf. 


First,  based  on  the  knowledge  we  have  about  leaves,  we 
model  a  generalized  single  leaf  in  the  optical  wavelength  range 
as  a  slab  of  water,  with  an  irregular  surface  containing  ran¬ 
domly  distributed  spherical  scatterers  with  a  Gaussian  size 
distribution.  Then,  vector  radiative  transfer  theory  and  Kirch¬ 
hoff  rough  surface  scattering  theory  are  applied  to  this  scatter¬ 
ing  model  to  obtain  the  normalized  scattering  cross  section 
per  unit  area  for  the  transmitted  and  reflected  intensities  for 
a  horizontally  polarized  normally  incident  plane  wave.  The 
modified  radiative  transfer  equation  with  Stokes  vectors  and 
boundary  conditions  is  solved  numerically  by  Fourier  expan¬ 
sion,  a  discrete-ordinate  technique  and  an  eigenvalue  eigenvec¬ 
tor  method  using  a  supercomputer  Cray  X/MP.  An  experi¬ 
ment  is  made  to  measure  the  transmitted  and  reflected  copo¬ 
larized  and  cross-polarized  intensities  versus  the  azimuth  angle 
for  corn,  potato  and  laurel  leaves  at  an  incident  He-Ne  laser 
wavelength  of  0.6328/1.  AH  of  the  control  and  data  acquisition 
are  carried  out  on  an  IBM-PC  computer.  Finally,  the  theoret¬ 
ical  results  are  compared  with  the  measured  data. 

An  Optical  Scattering  Model  for  a  Single  Leaf 

Plants  depend  on  radiant  energy  to  carry  on  photosynthe¬ 
sis  and  other  physical  processes.  The  interaction  is  mainly  of 
two  forms:  absorption  and  scattering.  The  light  absorbed  by 
the  leaves  will  be  converted  into  heat  or  fluorescence.  Scat¬ 
tering  may  be  caused  by  the  plastids  inside  the  leaf,  such  as 
grana,  ribosome,  nuclei,  etc.,  which  are  of  the  dimension  of  a 
wavelength  of  light.  Because  of  the  high  water  content  of  fresh 
leaves,  we  model  a  generalized  single  leaf  as  a  slab  of  water  with 
an  irregular  surface  containing  randomly  distributed  spherical 
scatterers  .  For  mathematical  simplicity,  we  assume  that  the 
multiple  scattering  process  within  the  leaf  is  independent  of  the 
surface  scattering  process  and  that  the  surface  does  not  scatter 
the  incoherent  wave.  Under  these  assumptions,  the  rough  sur¬ 
face  docs  not  affect  the  boundary  conditions  of  the  radiative 
transfer  equation.  Because  the  optical  distance  of  the  leaf  is 
large  (r  -  10),  the  transmitted  coherent  intensity  is  negligibly 
small.  Therefore,  we  assume  that  the  bottom  surface  of  the  leaf 
is  not  rough.  This  model  is  shown  in  Fig.l,  where  iij  =  ns  =  1 
is  the  refractive  index  of  air,  nj  =  1.33  is  that  of  water  and  no 
is  that  of  the  scatterer.  We  assume  that  the  size  distribution 
of  the  scatterers  is  Gaussian  with  a  mean  diameter  comparable 
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Fig.l;  Gtoniftty  of  the  optical  scattering  model. 


to  a  wavelength  of  light,  i.e.  ka~l,  where  k  is  the  wavenumber 
in  water  and  a  is  the  mean  radius  of  the  scatterers,  and  that 
the  standard  derivation  of  the  Gaussian  distribution  is  30%. 
Considering  the  high  absorption  of  visible  light  by  the  leaf,  we 
choose  the  optical  distance  t  about  10.  The  last  parameter 
needed  to' be  known  for  theoretical  calculation  is  the  refractive 
inde-x  no  of  the  scattercr.  From  the  nreasurement  of  Allen  and 
others  (1908),  we  can  choose  the  real  part  of  iiq  about  l.-l  for 
the  wavelength  0.6328/1.  The  imaginary  part  of  no  can  be  de¬ 
termined  by  fitting  the  theoretical  results  with  e.xpcrimental 
results. 

Now  we  have  all  the  parameters  we  need  to  carry  out  the 
theoretical  calculation  using  the  radiative  transfer  theory.  Con¬ 
sidering  the  short  wavelength  of  the  incident  wave,  we  assume 
that  the  surface  is  a  very  rough  normally  distributed  surface 
with  a  Gaussian  correlation  function.  We  can  use  Kirchhotf 
rough  surface  theory  to  include  the  surface  effects.  VVe  choose 
f/iT  about  10,  where  I  is  the  correlation  length  and  <t  is  the 
root-mean-square  height  of  the  surface. 

.A  summary  of  the  parameters  we  use: 

A  =  0.6328/1,  A-a-1,  t  ~  10,  //<r  ~  10, 

n,  =n3  =  l,  nj  =  1.33,  ng=nS-t-tnJ,  nj  -  1.4. 

Theoretical  Cal,culation 

Two  scattering  processes  occure  when  light  interacts  with 
the  leaf:  multiple  scattering  within  the  leaf  and  rough  surface 
scattering.  The  multiple  scattering  process  can  be  evaluated 
by  the  radiative  transfer  theory.  This  theory  assumes  that  the 
fields  are  uncorrelated,  so  the  resulting  energy  under  consid¬ 
eration  can  be  obtained  by  simple  linear  summation.  Then, 
by  considering  energy  conservation,  we  obtain  the  integral- 
differential  radiative  transfer  equation  governing  the  propaga¬ 
tion  of  the  specific  intensity  in  an  isotropic  medium  for  a  plane 
wave  normally  incident  on  a  slab  of  random  medium  with  re¬ 
fractive  inde.x  different  from  that  of  the  surrounding  media 
(:  <  0  and  z  >  :o)  (A/a,  ef  ai.,  1989): 

=  -[l(r,3)]  +  ljSmr,i')]du,' 

•f  CpSF’^le-'  +C'p/?53(F-ie-*^«"",  (1) 


where 

!/(t,s)!  is  the  4  x  1  incoherent  specific  intensity  matri.x, 

T  is  the  optical  distance  and  is  given  by  r  = 
pn  is  the  particle  number  density, 

<T<  is  the  total  scattering  cross  section  per  particle, 

J  is  the  observation  direction  given  by  J  =  /i  -t-  my  ~  ni. 

(/  =  sindcosd.  m  =  sindsind,  ii  =  cos6.) 

{5j  is  the  4x4  Mueller  staUcring  matri.'c. 

,,  r.e/o' 

1  - /?23/?2iej:p(-2To)’ 

where  T\2  and  are  the  transmissivity  and  reflectivity  at  the 
boundary  t  =  0,  and  R^i  is  the  reflectivity  at  the  boundary 

T  =  To. 

The  boundary  conditions  for  this  problem  are: 
at  r  =  0,  for  0  <  p  <  1, 

[/(0,p)j  =  ;/?(/0!2,[/(0./r)l,  (2) 

at  T  =  To,  for  - 1  <  /<  <  0. 

[/(t’o./'H  =  [R{/‘)\23  [/(To.p)i.  (3) 


To  solve  this  integral-differential  equation  with  its  bound¬ 
ary  conditions,  first  we  e.xpand  [/)  and  [Sj  in  a  Fourier. series 
in  <?  and  making  use  of  orthogonality,  we  obtain  two  uncorre¬ 
lated  integr.al-diiferential  equations  for  m  =  0  and  m  =  2.  All 
other  Fourier  components  of  (/]„  are  zero.  Then,  a  discrete- 
urdinatc  method  and  an  eigenvalue-eigenvector  technique  are 
used  to  obtain  numerical  solutions  (/sfiimaru,  1978]. 


The  normalized  scattering  cross  section  per  unit  area 
is  defined  by 

0  _  d^^/o^ 

'“/o’ 


<'ai3  = 


(d) 


where  o  and  0  are  respectively  the  scattered  and  incident  po¬ 
larizations  and  I  is  the  specific  intensity. 


Now.  we  consider  the  surface  scattering.  The  general  and 
e.\act  solution  of  this  problem  is  yet  unknown.  But,  for  our 
problem  the  Kirchhoff  rough  surface  scattering  theory  (Beck¬ 
man,  1963)  is  applicable  because  of  the  short  incident  wave¬ 
length.  Under  Kirchhoff ’s  assumption,  Stogryn  (1967)  derived 
the  incoherent  reflected  intensity  for  a  horizontally  polarized 
plane  wave  incident  on  a  dielectric  rough  surface.  To  compare 
with  e-xperimental  results  we  convert  the  formulas  into  the  fol¬ 
lowing  simple  forms  for  normal  incidence: 


<^hh  = 


i”P(- 


P  sin"  9 


<7-^(1 -r  cosd)*  4a^(l -r  cosS)^  ’ 


(5) 


where 

9  is  the  scattering  angle  and  90°  <  9  <  180°, 

rf,  is  the  field  reflection  cocllicient  for  the  horizontally 

polarized  component  from  medium  2  to  1. 

Beciiuse  in  our  assumption  <r/A  »  1,  we  can  neglect  the  re¬ 
flected  coherent  intensity. 

Combining  (4)  and  (-5),  we  obtain  the  total  normalized 
scattering  cross  section  per  unit  area  for  the  transmitted  and 
reflected  intensity  for  a  normally  incident  plane  wave  with  hor¬ 
izontal  polarization  as: 
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for  0  <  ^  <  9(5'” , 

<T“=4;r[/],  (C) 

for  90°  <  9  <  180°, 


<T 


0 


4?:/: 


,  lysin' e  ,  fl] 

a2(l-^-cos^)2 4(r2(l  +  cosd)2^  1  0  I’ 

(7) 


Experimental  Set-Up 

A  simplified  block  diagram  of  tli'"  experimental  set-up  is 
shown  in  Fig.2.  A  horizontallj  polanzed  He-Ne  laser  beam 
which  is  chopped  at  400Hz  with  a  diameter  of  about  19mm  is 
normally  inciclent  on  the  leaf.  The  leaf  is  mounted  at  the  center 
of  a  rotational  stage.  The  detector  consists  of  a  4mm  receiving 
aperture  .  a  set  of  movable  polarizers  and  an  optical  fiber.  The 
scattered  light  from  the  leaf  is  focused  into  the  optical  fiber  and 
is  amplified  by  the  cooled  photomultiplier.  The  whole  detector 
is  controlled  by  a  stepping  motor  which  is  used  to  rotate  the 
detector  in  the  scattering  plane.  Thus,  it  allows  us  to  measure 
the  scattered  intensities  versus  different  scattering  angles.  All 
of  the  control  nd  data  acquisition  are  done  with  an  IBM-PC 
computer. 

The  separation  of  the  cross-pplarization  of  the  polarizer 
is  at  least  30  dB  and  the  noise  level  of  the  system  is  75  dB 
below  the  free  silace  incident  intensity.  The  field  of  view  of 
the  receiver  is  0.15  degrees.  The  transmitted  copolarized  in¬ 
tensity  HH  and  cross-polarized  intensity  VH  are  obtained  for 
scattering  angles  of  0  to  50  degrees  and  the  reflected  intensities 
for  110  to  175  degrees  with  a  resolution  of  5  degrees.  All  data 
are  normalized  with  respect  to  the  free  space  nortr.ally  incident 
intensity. 

When  wc  measure  the  scattering  pattern  of  the  leaf,  the 
shiny  side  is  always  facing  toward  the  incident  beam.  In  order 
to  obtain  a  statistical  average,  the  scattered  intensity  at  each 
angle  is  measured  1000  times  at  the  different  parts  of  the  leaf. 
It  is  noticed  that  the  local  tilt  of  the  leaf  surface  usually  affects 
the  form  of  the  scattered  intensity..  Measurements  are  made  for 
corn,  potato  and  laurel  leaves. 

In  order  to  qoinparc  the  experimental  data  with  theoret¬ 
ical  results,  the  measured  scattering  intensity  y  has 

to  be  converted  into  specific  intensity  [/  to  obtain  the 

normalized  scattering  cros.s  section  per  unit  area  a-”.  Since  the 
viewing  angle  of  the  receiver  ii.  very  small  =  0.1.5°),  the 
following  formula  can  be  used. 


Therefore,  <7®  is  given  by 

_  Ispecific  _  4  ,  y  j 


(8) 


(9) 


^  <  90°)  and  reflected  (90°  <9  <  180°)  copolarized  and  cross- 
polarized  intensities  versus  azimuth  angles  for  a  normally  inci¬ 
dent  horizontally  polarized  laser  light  have  been  measured  and 
converted  to  the  normalized  scattering  cross  section  per  unit 
area  for  corn,  potato  and  laurel  leaves.  The  corresponding  the¬ 
oretical  and  experimental  results  for  the  normalized  scattering 
cross  section  per  unit  area  are  shown  in  Figs.3  to  5.  The 
solid  lines  are  for  the  numerical  results  of  theory  and  the  dashed 
lines  are  for  the  measured  data.  From  these  results  we  see  that 
the  linearly  polarized  incident  wave  has  been  depolarized  and 
that  there  is  a  peak  in  the  reflected  copolarized  component  due 
to  rough  surface  scattering.  The  difference  between  the  the¬ 
oretical  and  experimental  results  is  caused  by  several  factors, 
such  as  the  flatness  and  the  fiber  structure  of  the  leaf,  which 
affect  the  form  of  tlie  intensities.  Besides,  from  the  measure¬ 
ments  for  different  leaves  of  the  same  species,  we  noticed  that 
the  intensities  can  vary  about  1  dB  due  to  a  slight  difference 
in  the  thickness,  the  fiber  structure,  the  water  content,  etc.. 

Comparing  the  reflected  copolarized  components  HH  from 
Fig.3  to  5  for  these  three  kinds  of  leaves,  we  see  that  the  surface 
of  the  potato  leaf  (//c  =  7)  has  greater  roughness  than  that  of 
the  corn  (Ha  =  8)  or  laurel  (Ha  =  11).  This  result  supp.pr.ts 
both  theory  and  experiment  because  visual  observation  of  these 
leaves  gives  the  same  result. 

CONCLUSIONS 

An  optical  scattering  model  for  a  single  leaf  has  been  de¬ 
veloped  by  combining  multiple  scattering  within  the  leaf  and 
rough  surface  scattering.  The  theoretical  results  were  com¬ 
pared  with  the  experimental  results  and  show  good  agreement, 
The  results  shovv  that  the  scattering  within  the  leaf  is  mainly 
caused  by  the  scatterers  whose  sizes  are  comparable  to  the  in¬ 
cident  optical  wavelength,  i.e.  ka~l.  The  leaf  is  optically  thick 
(t  --  10)  and  shows  strong  depolarization  effect  on  the  opti¬ 
cal  wave.  The  optical  parameters  obtained  from  the  scattering 
model  for  corn,  potato  and  laurel  leaves  are  given  in  Table  I. 
From  Table  I  we  know  that  laurel  leaf  is  the  optically  thickest 
of  the  'hree  and  its  surface  is  the  smoothest. 
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Comparison  of  the  results  Fig.2'  Expctimcnlal  set-up. 

All  parameters  used  in  the  theory  are  tabulated  in  Table 
I  for  corn,  potato  and  laurel  leaves.  The  transmitted  (0°  < 


NOlWllZED  SCATTERING  CROSS  SECTION  <B  NORNALim  SCATTERING  CROSS  SECTION  dB  NORMALIZED  SCATTERING  CROSS  SECTION  <B 


2640 


FORWARD  AZIMUTH  ANCLE  BACKWARD 


Fig. 3;  Comparison  of  the  theoretical  and  experimental  results  for 
the  corn  leaf.  The  solid  lines  are  for  the  theoretical  results  and 
the  dashed  lines  are  for  the  experimental  results.  6  =  0,  no  = 
.  1.42 -r  iO.0009,  ka=2,  r  =  9,  l/ff  =  8. 


TABLE  I 

OPTICAL  PARAMETERS  OF  CORN, 
POTATO  AND  LAUREL  LEAVES 


Leaf  Name 

Corn 

Potato 

Laurel 

ka 

2 

2.8 

2.5 

r 

9 

10 

11.5 

nj 

1.42 

1.41 

1.40 

0.0009 

0.001 

0.0016 

It _ 

8 

7 

11 

**  For  all  the  calculations  A  =  0.6328/i,  rti  =  rjs  =  1,  nj  = 
1.33  are  chosen. 
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Fig.S;  Comparison  of  the  theoretical  and  experimental  results  for 
the  laurel  leaf.  The  solid  lines  are  for  the  theoretical  results 
and  the  dashed  lines  are  for  the  experimental  results.  6  = 
0,  no=  1.40  4-10.0016.  ka=2.5.  r  =  11.5,  l/<r=  11. 
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ABSTRACT 

The  newly  constructed  VlRAF-spectrometer  (Visible  Infrared 
Reflectance  Absorbance  Fluorescence)  spectrometer  has  been 
applied  in  outdoor  measuiements  to  compare  needles  of  two 
spruce  trees  differently  affected  by  the  forest  decline  in  the 
Northern  Black  Forest.  Changes  of  the  reflectance  signatures 
due  to  loss  of  chlorophyll  or  other  damage  effects  are  interpre¬ 
ted  with  the  help  of  other  techniques  currently  applied  for  the 
evaluation  of  physiological  activity.  The  VIRAF-spectrometer 
is  used  to  examine  the  spectra  of  reflectance,  absorption  and  of 
chlorophyll  fluorescence.  The  measurements  are  carried  out 
with  the  same  sa.mple  without  changing  its  position.  By  means 
of  a  two-wavelength  fluorometer  and  of  a  PAM-fluorometer 
the  fluorescence  induction  kinetics  of  the  needles  were  deter¬ 
mined  as  an  indicator  of  vitality.  In  addition,  the  rate  of  photo¬ 
synthetic  C02-flxation  and  the  stomatal  closure  was  studied 
using  a  CC^/HjO-porometer.  The  VIRAF-measurements 
proved  to  be  an  excellent  method  of  physiological  ground-truth 
and  vitality  test  which  can  well  be  associated  with  remote  sen¬ 
sing  of  forest  decline. 

Key  words:  reflectance  signatures,  chlorophyll  fluorescence, 
photosynthetic  activity,  forest  decline,  ground  truth 

1.  INTRODUCTION 

In  order  to  be  able  ta  interpret  reflectance  signatures  of 
damaged  forest  trees  on  a  physiological  basis,  the  VIRAF- 
spectrometer  (Visible  Infrared  Reflectance  Absorbance  Fluo¬ 
rescence)  was  newly  constructed  (detailed  description:  Busch¬ 
mann  et  al,,  1988;  Buschmann  and  Lichtenthaler,  1988).  It  al¬ 
lows  the  computer-controlled,  non-destructive  measurement  of 
the  spectra  of  reflectance,  absorption  and  fluorescence  emis¬ 
sion  with  one  sample  without  changing  its  position  and  without 
removing  needles  or  leaves  from  the  plant.  It  has  been  demon¬ 
strated  before  that  this  instrument  can  be  applied  to  study  a  va¬ 
riety  of  stress  symptoms  affecting  photosynthesis  or  other  phy¬ 
siological  parameters  (Buschmann  et  al.,  1988;  Buschmann  and 
Lichtenthaler,  1988a  and  1988b;  Buschmann  et  al.,  1989).  This 
study  presents  outdoor  measurements  earned  out  by  means  of 
the  VlRAF-spectrometer  and  in  parallel  by  fluorescence  in¬ 
struments  (two-wavelength  fluorometer,  PAM-fluorometer) 
and  a  CO2/I  l20-poronictcr. 

The  different  methods  used  give  individual  information  on  the 
following  parameters:  The  reflectance  spectra  of  leaves  reflect 
their  pigment  content  and  tissue  structure  (Lichtenthaler  and 
Buschmann,  1987;  Buschmann  et  al.,  1989;  Lichtenthaler, 
1989).  The  reflectance  spectra  of  the  VIRAF^ectrometer  are 
taken  by  illuminating  with  strong  white  light.  Thus  fluorescence 
emission  contributes  to  the  reflectance  spectrum  (Lichtenthaler 
and  Buschmann,  1987;  Buschmann  et  al.,  1989).  Fluorescence 


spectra  and  the  ratio  F690/F735  determined  with  the  VIRAF- 
spectrometer  are  indicators  of  chlorophyll  concentration  and 
^otosynthetic  activity  (Lichtenthaler,  1987;  Lichtenthaler  and 
Rinderle,  1988a  and  1988b).  From  the  fluorescence  induction 
kinetics  the  Rfd-values  (Rfd  =  ratio  fluorescence  decrease) 
were  calculated  as  indicator  of  the  potential  photosynthetic  ca¬ 
pacity  and  as  a  vitality  index  (Lichtenthaler  and  Rinderle, 
1988a).  Rfd-values  usually  go  parallel  with  the  net  COj-assi- 
milation  rates,  but  are  independent  of  the  stomata  closure.  The 
new  PAM-fluorometer  (Eulse  Amplitude  Modulation)  permits 
determination  of  the  photochemical  and  the  non-photochemi- 
cal  quenching  coefficients  of  fluorescence  which  are  affected  by 
thephotosynthetic  electron  transport  chain  and  photosynthetic 
ATP-formation  (Schreiber  et  al.,  1986;  Lichtenthaler  and  Rin¬ 
derle,  1988a).  Information  on  the  net  COyassimilation  and 
transpiration  as  well  as  stomatal  opening  or  closure  is  obtained 
by  means  of  a  C02/H20-porometer. 

Our  outdoor  study  was  carried  out  to  demonstrate  the  potential 
capability  for  detecting  damage  and  stress  effects  of  trees  affec¬ 
ted  by  the  forest  decline  by  means  of  the  VIRAF-spectrometer. 
In  order  to  further  facilitate  the  interpretation  of  reflectance 
signatures  on  a  physiological  basis  the  VIRAF-measurements 
were  compared  with  other  physioldgical  measurements,  e.g.  in¬ 
duction  kinetics  of  fluorescence  and  the  Rfd-values  as  vitality 
index,  the  fluorescence  quenching  processes,  net  photosynthesis 
and  stomatal  closure.  Tne  application  of  the  VIRAF-spectro¬ 
meter  in  physiological  ground  truth  measurements  is  discussed 
in  the  light  of  the  other  methods. 

2.  MATERIAL  AND  METHODS 

Needles  of  two,  approx.  50-ycar-old  spruce  trees  (Picea  abies) 
in  the  Northern  Black  Forest  (Freudenstadt,  Schollkopf,  900  m 
above  sea  level)  were  examined  in  outdoor  measurements.  The 
needles  of  a  tree  without  visible  damage  symptoms  (little 
needle  loss  and  discolouring)  were  compared  to  needles  of  a 
damaged  tree  standing  about  150  m  distant.  The  measurements 
were  performed  on  the  11th  November  1988  with  the  last  three 
needle  years  1986, 1987  and  1988. 

The  VIRAF-spectrometer  was  used  to  determine  reflectance 
spectra  and  emission  spectra  of  the  chlorophyll  fluorescence. 
Tlie  rcfleclaiiee  between  400  and  800  nm  was  measured  by  il¬ 
luminating  the  sample  perpendicularly  with  strong  white  light 
and  analyzing  the  light  reflected  perpendicularly  from  the  sam¬ 
ple  surface  (Buschmann  et  al.,  1988;  Buschmann  and  Lichten¬ 
thaler,  1988).  Subsequently,  fluorescence  spectra  were  deter¬ 
mined  between  650  and  800  nm.  The  optical  pathway  resem¬ 
bled  that  of  the  reflectance,  except  that  the  fluorescence  was 
excited  with  a  broad-band  biue  light  (470  ±  50  nm).  Figure  1 
describes  the  measuring  set  up  of  the  VlRAF-spectrometer  for 
reflectance,  transmission  (absorption)  and  fluorescence  studies. 
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Fig.  1:  Scheme  of  the  optical  pathway  for  measuring  reflectance,  abson>tion  and  chlorophyll  fluorescence  by 
means  of  the  VIRAF-spectrometer. 


These  three  types  of  measurements  can  be  carried  out  without 
changing  the  position  of  the  sample  and  with  the  leaf  or  need¬ 
les  left  iqtact  attached  to  the  plant.  From  the  reflectance 
spectra  the  2nd  derivative  was  calulated  and  the  IR/R  ratio 
(ratio  of  the  reflectance  signal  at  800  and  680  nm)  was  deter- 
mlned?From  the  fluorescence  spectra  the  ratio  F690/F735  was 
quantified  as  ratio  of  the  intensity  at  the  two  wavelengths. 

Induction  kinetics  of  the  chlorophyll  fluorescence  were 
measured  simultaneuously  in  the  690  and  730  nm  regions  by 
means  of  a  portable  two-wavelength  Reid  fluorometer 
(Lichtenthaler  ano'  Rinderle,  1988a).  Excitation  was  performed 
with  a  He/Ne-laser  (632.8  nm).  The  Rfd-values  were  calculated 
from  the  kinetics  as  the  ratio  oetween  fluorescence  decrease  fd 
and  the  steady-state  fluorescence  fs  (Rfd  =  fd/fs).  From  the 
Rfd-values  at  690  and  730  nm  the  stress  adaptation  index  Ap 
was  calculated  accordi^  to  Lichtenthaler  and  Rinderle 
(1988a).  The  ratio  F690/w30  of  the  fluorescence  maxima  was 
determined  from  the  steady-state  of  the  induction  kinetics 
reached  5  min  after  the  onset  of  illumination. 

The  differauiiation  between  photochemical  quenching  (qQ) 
and  r.on-photochemical  energy  quenching  (qE),  as  well  as  the 
ratio  of  maximum  fluorescence  Fm  to  the  ground  fluorescence 
Fo  were  determined  using  the  PAM-fluorometer  of  Walz 
(Schreiber  et  al.,  1986). 

Photosynthetic  C02-fixation  (Pj^)  and  stomatal  conductivity 
(gH,0)  were  determined  using  the  CO,/H,0-porometer  of 
Walz  (Schulze  et  al.,  1982). 

Chlorophylls  (a+b)  and  total  carotenoids  (x+c)  were 
determined  from  the  needle  extracts  with  100%  acetone  using 
the  new  extinction  coefficients  of  Lichtenthaler  (1987b). 

3.  RESULTS  AND  DISCUSSION 

Chlorophyll  and  carotenoid  content:  In  contrast  to  the  needles 
of  the  healthy  spruce,  the  needles  of  the  damaged  spruce 
possessed  a  lower  clilorophyll  content,  except  for  the  youngest 
needle  year  1988  (Table  1).  There  were  no  significant  changes 
in  the  chlorop'riyii  a/b-ratio.  The  (a+b)/(x+c)-ratio  of  the 
green  (chlorophylls)  to  yellow  piments  (carotenoids)  was 
significantly  oecreased  in  the  older  needle  years  of  the 
damaged  spruce.  This  indicates  that  the  chlorophylls  in  the 
damaged  spruce  were  less  stable  and  -  in  contrast  to  the 
carotenoids  -  were  preferentially  destroyed.  The  lower 
chlorophyll  content  may  not  solely  be  due  to  a  degradation  of 
chlorophyll  but  partially  also  to  a  lower  accumulation  rate. 


Measurements  with  the  VIRAF-spMtrometer:  The  reflectance 
spectra  of  green  spruce  needles  (Fig.  2,  upper  part)  show  the 
t^ical  shape  of  green  leaves;  a  low  reflectance  in  the  visible 
range  (4IX)  -  70()  nm)  with  the  exception  of  a  smr  ii  increase  in 
the  green-light  region  around  560  nm  and  a  sharp  rise  of  the 
reflectance  above  680  nm  towards  longer  wavelen«3ths  ("red 
edge").  Needles  of  damaged  spruces,  characterized  by  a  lower 
chlorophyll  content  (Table  1),  in  general  have  a  higher 
reflectance  in  the  visible  range,  with  a  further  increase  in  the 
green  and  yellow  region  of  the  spectrum  as  compared  to  fully 
green  spruce  needles.  The  rise  of  the  "red  edge"  starts  at  a 
shorter  wavelength.  This  is  quantified  by  a  "blue  shift"  of  the 
inflection  point  (I.P.  in  Table  1)  in  the  intersection  of  the  2nd 
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Reflectance  spectra  (upper  part)  of  two-year-old  spruce 
(Picea  abies)  needles  taken  from  a  healthy  (continuous  line) 
and  a  damaged  tree  (dashed  line)  growing  in  the  Northern 
Black  Forest.  The  spectra  are  means  of  3  independent 
experiments  measured  with  the  VIRAF-spectrometer.  From 
the  reflectance  spectra  the  second  derivative  has  been 
calculated  (lower  part).  The  inflection  point  of  the  "red  edge", 
i.e.  the  intersection  with  the  zero  line,  is  indicated  by  arrows. 


derivative  with  the  zero  line  (arrows  in  Fig.  2,  lower  part).  In 
the  early  1980s,  up  to  about  1985,  the  reflectance  spectra  of 
damaged  spmces  were  also  characterized  by  a  much  lower 
reflectance  in  the  near  infrared  region  around  800  nm 
(Buschmann  and  Lichtenthaler,  1988a  and  1988b; 
Lichtenthaler,  1989).  This  decrease  in  the  reflectance  in 
damaged  trees  is  much  lower  in  recent  years,  which  provided 
rather  favorable  conditions  for  needle  growth.  Yet  the  ratio 
IR/R  of  the  800  to  680  nm  regions  of  the  reflectance  spectrum 
was  lower  for  the  1987  and  198(5  needles  of  the  damaged  spruce 
(Table  1).  ® 


wavelength  Cnm] 

Fljj.  3.  Fluorescence-emission  spectra  of  two-year-old  spruce 
(Ptcea  abies)  needles  taken  from  a  healthy  (continuous  line) 
and  a  damaged  tree  (dashed  line)  growing  in  the  Northern 
Black  Forest.  The  spectra  are  means  of  3  independent 
experiments  measured  with  the  VIRAF-spectrometer. 

The  fluorescence-emission  spectra  of  spruce  needles  measured 
wth  the  VIRAF-spectrometer  showed  two  maxima  (Fig.  3). 
The  fluorescence  intensity  in  general  and  especially  the  short- 
wavelength  maximum  become  higher  when  the  needles  are 
photosynthetically  inhibited  and/or  the  chlorophyll 


concentration  is  lower  (Lichtenthaler  et  al.,  1986;  Uchtenthaler 
Md  Rinderle,  1988bL  ^  is  the  case  in  the  needles  taken  from 

was  quantified  by  the  ratio 
1'690/F735,  which  is  determined  as  the  ratio  between  the 
intensities  at  the  two  fluorescence  maxima.  Since  the 
absorption  of  the  chlorophyll  overlaps  with  its  fluorescence 
^ectnim,  the  fluorescence  at  the  short-wavelength  side  is 
decreased  with  increasing  chlorophyll  concentration 
(Lichtenthaler  et  al.,  1986;  Lichtenthaler  and  Rinderle,  1988b). 
In  addition,  inhibition  of  photosynthesis  also  leads  to  a  higher 
(Buschmann,  1986).  Therefore  the  ratio 
F690/F735  represents  a  good  stress  indicator,  which  provides 
information  on  the  chlorophyll  content  and  does  not  require 
pigment  extraction.  The  fluorescence  ratio  F690/F735,  as 
induced  by  the  blue  light  (VIRAF-measurements),  was 
significantly  higher  in  the  older  needles  of  the  damaged  spruce 
than  in  the  healthy  tree  and  reflects  their  lower  chlorophyll 
content  (Table  1). 

Measurements  with  the  portable  two-wavelength  fluorometen 
A  similar  fluorescence  ratio  (F690/F730)  can  be  calculated 
from  the  fluorescence  induction  kinetics  measured  with  the 
two-wayelength  field  fluorometer.  The  values  of  F690/F730,  as 
determined  from  the  red-laser-light  (632.8  nm)  induced 
.  Kinetics,  are  much  lower  than  those  calculated  from  the  blue- 
light-induced  fluorescence-emission  spectra.  That  they  differ  in 
the  height  of  their  maxima  in  the  690  and  735/730  nm  region 
has  been  shown  before  (Lichtenthaler  and  Rinderle,  1988b)<  In 
damaged  spruce  the  values  of 
K)»0/l-730  are  significantly  increased  to  about  the  same  degree 
F6WF735  determined  with  the 
VIRAF-spectrometer  (Table  1).  This  comparison  indicates  that 
one  obtains  via  the  ratio  F690/F730  or  F690/F735  similar 
information  on  changes  of  the  chlorophyll  content  of  the 
needles  due  to  damage  or  stress,  even  though  the  absolute 
values  are  different. 

From  the  chlorophyll  fluorescence  induction  kinetics  measured 
with  the  two-wavelength  fluorometer  we  obtained  Rfd-values 
for  the  690  and  the  730  nm  regions.  The  Rfd  730-values  were 
always  lower  than  the  Rfd  690-values  (Table  1).  Rfd-values  of 


Table  1.  Parameters  of  yiruce  (Picea  abies)  needles  of  1986  taken  from  a  healthy  and  a  damaged  tree 
(Northern  Black  Forest,  Freudenstadt).  The  values  were  determined  from  measurements  with  the  VIRAF- 
spectrometer,  the  portable  two-wavelength  fluorometer,  the  PAM-fluorometer  and  the  COJU^O- 
porometer.  The  chlorophyll  (a_  +  b)  and  carotenoid  (x  +  c)  content  was  evaluated  from  a  100%  acetone 
extract.  Mean  of  3  determinations  per  each  needle  year.  Maximum  deviation  5%  or  less  for  most  of  the 
parameters.  The  position  of  the  inflection  point  I.P.  varied  by  +.  2nm. 
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5.7 
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1.2 
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23 

3.0 
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2.2 
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1.87 

0.76 

3.0 

1.9 

0.28 

3.3 

0.75 

0.58 
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46 

(ig  chlorophyll  a+b  per  cm^  needle  area. 

determined  from  the  blue-light-induced  fluorescence  spectra  measured  with  the  VIRAF-spectrometer 
,1  determined  from  the  He/Ne-laser-mduced  fluorescence  kinetics  measured  in  the  690  and  730  nm  regions  with  the  two-wavelength  fluorometer 
,,,  net  COj-assimilation  rate  Pm  per  area  in  (imol  Cp,-m‘^-s'‘  and  Pm  in  mg  COymg  (a+b)'*  h'*. 

Stomatal  conductivity  gH^O  in  mmol  HjO'm'^s'* 
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the  needles  of  the  damaged  spruce  were  only  slightly  lower 
than  those  of  the  healthy  spruce  and  indicated  good 
photosynthetic  activity  of  the  remaining  chlorophyll  in  the 
stressed  tree.  The  values  of  the  stress-adaptation  index  Ap  of 
0.19  or  much  higher  (Table  1)  indicated  that  despite  the  lower 
chlorophyll  content  no  irreversible  damage  had  occurred. 

Measurements  with  the  PAM-nuorometcr:  The  PAM-fluoro- 
meter  allowed  determination  of  the  ground  fluorescence  Fo 
and  maximum  fluorescence  Fm  in  the  730  nm  region.  The  ratio 
Fm/Fo,  which  can  be  considered  as  an  additional  stress  indica¬ 
tor,  was  reduced  in  the  needles  of  the  damped  spruce  in  a  si¬ 
milar  way  to  the  Rfd-values  (Table  1).  The  pnotochemical 
quenching  coefficient  qQ  was  about  the  same  in  needles  of  the 
healthy  and  the  damaged  spruce  and  appears  not  to  be  a  sui¬ 
table  indicator  of  stress  or  damage  to  plants  (see  also  Rinderle 
and  Lichtenthaler,  1989).  The  non-pnotochcmical  quenching 
coefficient  qE  is,  however,  considerably  higher  in  all  needle 
years  of  the  damaged  spruce  (Table  1). 

Measurements  with  the  COj/HjO-porometer:  The  net  COj-as- 
similation  Pj^j  (per  cm^  needle  area  or  per  chlorophyll  a+b),  as 
determined  witn  the  CO2/H2O  porometer,  showed  lower  va¬ 
lues  for  the  needles  of  the  healthy  spruce  than  those  of  the  da¬ 
maged  tree  (Table  1).  The  higher  photosynthetic  rates  of  the 
damaged  spruce  were  paralleld  by  higher  values  of  the  stomatal 
conductivity  gHjO  (Table  1).  This  indicates  that  at  the  measu¬ 
ring  day  (beginning  November  1988)  the  stomata  of  the  needles 
of  the  damaged  tree  were  still  more  open  than  those  of  the 
healthy  tree.^e  needles  of  the  healthy  spruce  were  apparently 
in  the  stage  of  incipient  winter  dormancy,  though  the  nigh  Rfd- 
values  indicated  that  the  internal  photosynthesis  was  fully  ac¬ 
tive.  The  damaged  spruce,  in  turn,  seemed  still  to  be  increasing 
their  carbohydrate  reserves  for  the  winter-time.  Reduced  frost 
hardening  of  damaged  trees  is  a  well-known  phenomenon  asso¬ 
ciated  with  forest  decline. 

4.  CONCLUSION  ' 

Our  field  studies  with  the  newly  constructed  VIRAF-spectro- 
meter  and  the  portable  two-wavelength  fluorometer  indicate 
that  both  instruments  can  be  used  with  great  success  for  phy¬ 
siological  ground  truth  and  vitality  tests  in  connection  with  re¬ 
mote  sensing  of  terrestrial  vegetation.  The  advantage  of  the 
VIRAF-spectrometer  is  the  fact  that  complete  reflectance,  ab¬ 
sorption  and  fluorescence  spectra  can  be  taken.  From  the  re¬ 
flectance  spectra  one  can  determine  the  "blue  shift"  of  the  in¬ 
flection  point  of  the  "red  edge".  It  also  allows  determination  of 
the  fluorescence  ratio  F690/F735,  as  a  major  stress  indicator. 
The  two-wavelength  fluorometer  permits  determination  of  the 
Rfd-values  as  a  vitality  index,  the  ratio  F690/F730  and  the 
stress  adaptation  index  Ap.  It  is  also  very  suitable  for  ground- 
truth  measuremeqts,  but  does  not  provide  information  on  re¬ 
flectance  changes  of  leaves.  Though  both  instruments  give 
complementary  information  on  leaves  during  stress  appearance 
and  regeneration,  they  can  be  used  separately  for  outdoor 
screening  of  the  physiological  state  of  plants.  The  results  also 
demonstrate  that  a  combination  of  reflectance  data  with  other 
physiological  measurements  facilitates  further  interpretation  of 
damage  and  stress  effects  in  plants. 

Acknowledgements:  This  work  was  sponsored  by  grants  of  the 
Europaisches  Forschungszentrum  fiir  MaBnahmen  zur  Luft- 
reinhaltung  (PEF),  Karlsruhe  which  is  gratefully  acknowledged. 
We  thank  F.  Stober,  S.  Rang,  S.  Burkart  and  A.  Fahi  for  skiifuii 
technical  assistance. 


REFERENCES 

Buschmann,  C.,  "Fluorescence  and  heat  emission  by  plants  - 
Application  in  photosynthesis  research",  Naturwissenschaften 
73,  pp.  691-699,  1986. 


Buschmann,  C.  and  Lichtenthaler,  H.K.,  "Correlation  of  reflec¬ 
tance  and  chlorophyll  fluorescence  signatures  of  healthy  and 
damaged  forest  trees".  Proceedings  of  IGARSS  ’88,  Vol.  3,  pp 
1339-1342,  ESA  Publications  Division,  Noordwijk  1988a. 

Buschmann,  C.  and  Lichtenthaler,  H.K.,  "Reflectance  and  chlo¬ 
rophyll  fluorescence  signatures  of  leaves".  Applications  of 
Chlorophyll  Fluorescence,  Lichtenthaler,  H.K.,  ed.,  pp.  325- 
332,  Kluwer  Academic  Publishers,  Dordrecht  1988b. 

Buschmann,  C,  Rang,  S.,  Stober,  F.  and  Koesdnyi,  L,  "Reflec¬ 
tance  spectra  of  leaves  and  needles  as  a  basis  for  the  phy¬ 
siological  evaluation  of  forest  damage.  - 1.  Measuring  set  up", 
PEF  Report  35,  pp  191-196,  1988. 

Buschmann,  C.,  Rang,  S.,  Stober,  F.  and  Koesdnyi,  L,  "Reflec¬ 
tance  spectra  of  leaves  and  needles  as  a  basis  for  the  phy¬ 
siological  evaluation  of  forest  damage.  -  II.  Basic  measure¬ 
ments",  PEF  Report  (in  print),  1989. 

Lichtenthaler,  H.K.,  "Chlorophyll  fluorescence  signatures  of 
leaves  during  the  autumnal  chlxorophyll  breakdown".  Journal 
of  Plant  Physiology  131,  pp.  101-110, 1987a. 

Lichtenthaler,  H.K.,  "Chlorophylls  and  carotenoids,  the  pig¬ 
ments  of  the  photosynthetic  biomembanes".  Methods  in  Enzy- 
mology  148,  pp.  350-382, 1987b. 

Lichtenthaler,  H.K.,  "Remote  sensing  of  chlorophyll  fluo¬ 
rescence  in  oceanography  and  in  terrestrial  vegetation:  an  in¬ 
troduction",  Applications  of  Chlorophyll  Fluorescence,  Lich¬ 
tenthaler,  H.K.,  ed.,  pp.  287-297,  Kluwer  Academic  Publishers, 
Dordrecht  1988. 

Lichtenthaler,  H.K.,  "Possibilities  for  remote  sensing  of  terre¬ 
strial  vegetation  by  a  combination  of  reflectance  and  laser-in¬ 
duced  chlorophyll  fluorescence".  Proceedings  of  IGARSS  '89, 
this  volume,  1989. 

Lichtenthaler,  H.K.  and  Buschmann,  C.,  "Reflectance  and  chlo¬ 
rophyll  fluorescence  signatures  of  leaves".  Proceedings  of 
IGARSS  ’87,  Vol.  2,  pp.  1207-1212,  University  of  Michigan, 
Ann  Arbor  1987. 

Lichtenthaler,  H.K.,  Buschmann,  C.,  Rinderle,  U.  and 
Schmuck,  G.,  "Application  of  chlorophyll  fluorescence  in  eco- 
physiology".  Radiation  and  Environmental  Biophysics  25,  pp. 
297-308, 1986. 

Lichtenthaler,  H.K.  and  Rinderle,  U.,  "The  role  of  chlorophyll 
fluorescence  in  the  detection  of  stress  conditions  in  plants", 
CRC  Critical  Reviews  in  Analytical  Chemistry  19,  Suppl.  I,  pp. 
S29-S85, 1988a. 

Lichtenthaler,  H.K.  and  Rinderle,  U.,  "Chlorophyll  fluo¬ 
rescence  spectra  of  leaves  as  induced  by  blue  light  and  red  laser 
light",  4th  Internal.  Colloquium  on  Spectral  Signatures  of  Ob¬ 
jects  in  Remote  Sensing,  Aussois,  pp.  251-254.  ESA  Publicati¬ 
ons  Division,  Noordwijk  1988b. 

Rinderle,  U.  and  Lichtenthaler,  H.K.,  "The  various  chlorophyll 
fluorescence  signatures  as  a  basis  for  physiological  ground  truth 
control  in  remote  sensing  in  forest  decline ,  Proceedings  of 
IGARSS  ’89,  this  volume,  1989. 

Schreiber,  U.,  Schliwa,  U.  and  Bilger,  W.,  "Continuous  recor¬ 
ding  of  photochemical  and  non-photochemical  chlorophyll 
fluorescence  quenching  with  a  new  Me  of  modulation  fluoro¬ 
meter",  Photosynth.  Res.  10,  pp.  51-62,  1986. 

Schulze,  E.D.,  Hall,  A.E.,  Lange,  O.L  and  Walz,  H.,  "  A 
portable  steady  state  porometer  Tor  measuring  the  carbon  dio¬ 
xide  and  water  vapour  exchange  of  leaves  unoer  natural  condi¬ 
tions",  Oecologia  53,  pp.  141-154, 1982. 


2645 


COMPARISON  OF  SPECTRAL  DATA  GATHERED  FROM  A  LABORATORY  SPECTROMETER  AND  TM  IMAGES 
WITH  AND  WITHOUT  SHADOW  CORRECTION 


Richard  L.  Thieaaen  and  Jay  R.  Eliason* 


Geology  Department,  Washington  State  University,  Pullman,  WA  99164-2812,  USA;  «  -  also  at  Geologic  Analysis 
and  Consulting  Services,  P.O.  Box  315,  Deary,  ID  83823. 


ABSTRACT 

Shading  of  topographic  features  due  to  varying 
sun  angle  has  long  been  a  problem  with  computer 
classifipation  of  remotely  collected  imagery. 
Reflectance  intensity  is  a  function  of  the  material 
type,  atmospheric  effects,  topographic  orientation, 
and  solar  Illumination  angle.  Identification  of 
surface  materials  from  their  spectral  reflectance 
characteristics  is  one  of  the  major  goals  in  digital 
analysis  of  imagery.  Atmospheric  effects  and  shadows 
due  to  topography  and  solar  illumination  will  create 
variations  in  spectral  reflectance  intensities.  These 
effects  result  in  a  spreading  out  of  the  DN  valu.. 
histograms  observed  for  the  spectral  bands,  leading  to 
poorly  defined  classification  statistics.  In  order  to 
analyze  these  effects,  we  examined  Thematic  Mapper 
(TM)  imagery  and  rock  hand  sample  spectral  data  frum 
the  Paiute  Ridge  Quadrangle  at  the  Nevada  Test  Site. 
The  TM  imagery  used  for  this  study  was  collected  in 
March  providing  a  relatively  low  sun  angle.  Staff  at 
Battelle  PNL  calculated  a  Mlnnaert  reflectance  model 
of  the  ground  surface  based  upon  the  topography  and 
the  sun  angle.  This  reflectance  model  was  used  to 
remove  topographic  reflectance  variations  from  the 
original  TM  image  for  bands  1,  4,  5  and  7  creating  a 
corrected  image.  A  Junb ^TM  image,  with  a  relatively 
high  sun  angle,  was  also  utilized.  Histograms  of  each 
TM  band  were  prepared  for  training  areas  of  each 
lithologic  unit.  The  original  March  image  histograms 
showed  a  wider  distribution  o(,  data  points  because  of 
the  relatively  severe  shadowing.  Histograms  from  the 
June  image  showed  narrower  spreads  for  most  of  the 
training  areas,  indicating  a  lesser  shadowing  effect. 
The  corrected  M&rch  image  produced  more  tightly 
defined  histograms.  For  a  computer  classification, 
the  tighter  histograms  would  yield  better  statistics 
with  less  overlap  of  the  histograms  of  the  individual 
training  areas.  This  would  lead  to  an  improved 
computer  classification. 

Spectral  reflectance  data  from  field  samples 
were  determined  with  a  laboratory  spectrometer 
(Beckman  DK-2A) .  The  spectral  curves  obtained  with 
the  spectrometer  were  correlated  with  the  histograms 
determined  from  the  images.  The  tightly  defined 
histograms  from  the  shadow  corrected  TM  provided  the 
best  correlation  with  the  rock  data. 

Several  units,  including  the  Rainier  Mesa  Member 
of  the  Timber  Mountain  Tuff,  showed  multiple  spectral 
patterns  on  both  images  and  rock  spectra.  This 
diffetence  was  evaluated  versus  geochemistry, 
hematitic  alteration,  devitrification,  pumice  content, 
and  degree  of  welding. 


Keywords:  Spectral  reflectance.  Histograms,  Mlnnaert 
reflectance  model,  Nevada  Test  Site,  Rainier  Mesa 
Member. 

INTRODUCTION 

The  Faiute  Ridge  quadrangle  of  the  Nevada  Test 
Site  (NTS)  has  been  a  site  of  ongoing  joint  Battelle 
PNL-Washington  State  University  (WSU)  research  (Foote 
and  others,  1985,  Thiessen  and  others,  1987)  sponsored 
by  the  Office  of  Basic  Energy  Sciences,  Department  of 
Energy.  Geologic  analysis  of  PNL  prepared  imagery  at 
WSU  has  led  to  an  excellent  knowledge  base  of  the 
structures  and  lithologies  at  the  site.  A  field  trip 
to  NTS  served  three  purposes.  First,  the  image 
interpretations,  inoluding  several  modifications  to 
the  U.S.G.S.  quadrangle  map  (Byer.s  and  Barnes,  1967) 
were  field  checked.  Second,  the  orientations  of 
naturally  occurring  joints  and  fractures  were  measured 
in  order  to  compare  to  ones  determined  directly  from 
digital  elevation  models  using  our  Geologic  Spatial 
Analysis  system  (Eliason,  1984;  Eliason  and  Thiessen, 
1987;  Thiessen  and  others,  1987,  1989)  which 
automatically  determines  the  full  three-dimensional 
spatial  orientation  of  the  structures.  Third,  a  suite 
of  rock  samples  was  collected  for  spectroscopic,  hand 
sample,  thin  section,  and  chemical  analysis.  Due  to 
the  logistics  and  time  constraints  of  the  field  trip, 
not  every  lithologic  unit  was  sampled,  but  for  those 
that  were,  several  rocks  were  collected  from  each. 

The  purpose  of  this  report  is  to  present  the  spectral 
response  curves  of  some  of  these  rocks  and  compare 
those  to  each  lithologic  unit's  characteristics  on 
Landsat  Thematic  Mapper  imagery.  This  will  be  a  test 
of  the  applicability  of  the  technique  on  the  Nevada 
Test  Site  and  give  a  rbference  library  of  spectra  for 
the  lithologies  present.  In  addition,  this  will  test 
the  characteristics  of  three  different  images:  a  March 
image  on  which  there  are  severe  shadowing  effects  due 
to  a  low  sun  angle;  the  March  image  with  those 
shadowing  effects  corrected  out  using  a  technique 
developed  by  Harlan  Foote  (of  Battelle  PNL) ;  and  a 
June  image,  which,  with  its  higher  sun  angle,  has  a 
lesser  shadowing  effect. 

METHODOLOGY 

The  hand  samples  from  the  study  area  were 
cataloged  and  an  overlay  was  prepared  for  the 
published  1:24,000  scale  geologic  map  (Bye..s  and 
Barnes,  1967)  showing  the  location  of  each  sampling 
site.  Approximately  half  of  the  collected  hand  samples 
were  deemed  to  be  representative,  and  were  analyzed  on 
a  Beckman  DK-2A  Ratio  Recording  Spectrophotometer 
using  a  magnesium  oxide  reference  target.  The 
spectrometer  was  operated  in  %T  mode  with  a  scan  time 
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of  10,  scale  of  IX,  sensitivity  of  1.30,  0-100% 
operation  range,  and  a  time  constant  of  0.2.  Whole 
rock  samples  were  positioned  in  the  sample  port  in  a 
variety  of  orientations,  so  that  two  fresh  surface 
areas  and  two  weathered  surfaces  were  examined. 
Wavelengths  were  examined  from  0.36  to  2.70  microns, 
covering  all  but  the  thermal  band  (band  6)  of  the 
Thematic  Mapper.  This  wavelength  range  had  to  be 
split  into  three  portions  with  separate  charts 
prepared  for  each  range,  and  so  there  were  occasional 
minor  discontinuities  in  the  traces  at  about  1.20  and 
1.86  micrometers.  The  rocks  were  grouped  into  the 
lithologic  units  from  the  published  quadrangle  map 
(Byers  and  Barnes,  1967) .  Some  rock  types  appeared  to 
have  several  different  spectral  characteristic  curves, 
and  so  were  divided  accordingly.  The  spectral 
response  curves  of  all  of  the  analyzed  samples  of  each 
major  lithologic  group  determined  from  the  fresh  and 
weathered  surfaces  were  compiled  for  comparison  to 
histograms  from  the  TM  imagery.  Several  of  these  are 
presented  with  this  report  (Figures  1,2  and  3). 

The  Landsat  image  response  of  the  various 
lithologic  units  was  obtained  using  an  IIS  digital 
image  analysis  system  at  Battelle.  The  three 
different  images,  March,  March  corrected  and  June, 
were  used.  All  bands  of  data  from  the  June  image 
could  be  used,  but  for  the  March  images  only  bands  1, 
4,  5,  and  7  were  available.  The  bands  were  linearly 
stretched  to  visually  produce  similar  color  responses 
for  the  major  lithologic  units  in  the  three  images. 
Training  areas  of  each  major  map  unit  were  designated 
and  digitized  interactively  on  the  IIS  screen.  The 
histograms  for  each  image  band  in  each  training  area 
were  plotted.  These  plots  were  scaled  to  produce 
overlays  for  the  rock  spectral  curves  (Figures  1C,  2C, 
30 .  The  wavelength  range  of  each  of  the  TM  bands  is 
indicated  on  the  figures,  and  the  histograms  are 
plotted  on  edge  so  that  the  dark  end  of  the  histogram 
(DN  "  0)  plots  at  the  wavelength  axis  and  the  lighter 
shades  plot  at  the  upper  end  of  the  histogram.  These 
are  then  direct  overlays  to  the  lithologic  spectral 
data. 

EESULia 

The  lithologic  response  curves  and  image 
histogram  data  in  general  show  good  agreement.  The 
histogram  response  curves  are  much  better  defined  for 
the  March  corrected  image  than  for  the  March  original. 
This  is  particularly  true  for  darker  ridge  forming 
units  such  as  the  basalts  and  several  of  the 
carbonates  (Figure  1C) .  In  these  cases,  the 
uncorrected  image's  histogram  has  a  wide  range  in  the 
dark  portion  of  the  spectrum.  .  The  three  different 
images  (March  original,  corrected,  June)  had  to  be 
stretched  in  order  to  get  consistent  visual  color 
balances  for  the  major  lithologic  units.  As  a  result, 
the  shadowed  portions  of  the  darker  ridge  formers  on 
the  March  original  image  were  pushed  into  saturation. 
On  the  corrected  image,  the  histograms  are  tighter, 
and  so  no  longer  extend  into  the  saturation  point, 
showing  that  the  shadow  effects  are  ’■emoved.  The  June 
image,  with  its  higher  sun  angle,  tends  to  show  this 
shadow  effect,  but  to  a  lesser  degree. 

Several  lithologic  units  produced  distinctly 
different  image  responses.  On  the  band  1/4/7  color 
composite  images,  both  the  Rainier  Mesa  (Tmr)  and 
Ammonia  Tanks  Members  of  the  Tertiary  aged  Timber 
Mountains  Tuff  appeared  to  be  predominantly  orange  in 
color  in  the  southern  portion  of  the  quadrangle,  and  a 
mottled  greenish  color  in  the  north.  Similarly, 
undivided  tuffs  of  the  Paintbrush  Tuff  and  Indian 
Trail  Formations  went  from  a  light  to  a  dark  blue  in 
the  north.  Histograms  for  these  units  show  distinct 
patterns,  as  do  spectral  curves  obtained  from  rook 
samples.  The  Rainier  Mesa  Member  (Tmr)  was  examined 
in  detail  in  order  to  determine  the  possible  causes  of 
this  division.  The  greenish  unit  was  designated  unit 
Tmr-A  (Figure  2) ,  and  the  orange  unit  Trar-B  (Figure 


3) .  Figures  2  and  3  indicate  that  Tmr-A  is  in  general 
darker  over  the  analyzed  spectral  range,  and  samples 
of  the  two  units  do  show  that  Tmr-A  is,  in  general, 
darker  than  Tmr-B  in  visible  light. 

Hildreth  (1981),  Mills  and  Rose  (1986),  Warren 
and  others  (1986),  and  Broxton  and  others  (1986) 
discuss  geochemical  variations  in  ash  flow  tuffs  in 
general  and  in  Tmr  specifically.  These  studies  show  a 
compositional  diversity  of  Tmr  from  relatively  mafic 
to  silicic.  Hildreth  (1981)  hypothesizes  that  this  is 
due  to  evolution  in  a  zoned  magma  chamber,  with  the 
roof  of  the  chamber  being  characterized  by  a  higher 
silica  content.  The  upper  portion  of  the  chamber  will 
be  erupted  first,  followed  by  the  more  mafic  lower 
portions.  The  three  Tmr  samples  from  the  present 
study  are  listed  in  Table  1  by  increasing  silica 
content.  Note  that  the  sample  that  exhibits  a  Tmr-A 
spectral  response  is  intermediate  in  silica  with 
respect  to  the  Tmt-B  samples.  Hildreth's  (1981) 
average  values  for  the  lower  (mafic)  and  upper 
(silicic)  portions  of  Tmr  ate  listed  on  Table  1,  as 
are  Broxton  and  others'  (1986)  observed  evolutionary 
trends  of  Tmr  from  mafic  to  felsic  members.  When  the 
three  Tmr  samples  are  listed  by  increasing  silica,  it 
can  be  seen  that  MgO,  P205,  CaO  and  Zr  all  follow 
their  trends  observed  elsewhere  (calcium  is  high) . 

K20  shows  an  inverted  trend.  For  other  elemental 
oxides,  the  sample  with  the  intermediate  value  of 
silica  is  either  at  the  high  or  low  end  of  the  trend. 
Since  this  is  the  one  Tmr-A  sample  of  the  group,  the 
question  is  whether  it  is  more  or  less  evolved  then 
the  two  Tmr-B  samples.  Ti02  and  iron  indicate  that 
Tmr-A  is  the  more  evolved  member,  whereas  barium  ' 
indicates  that  it  is  less  evolved.  Na20  is  ambiguous 
since  Hildreth  (1981)  and  Broxton  and  others  (1986) 
report  different  evolutionary  trends  for  sodium. 


Tmt-B 

Tmr-A 

#19 

Tmr-B 

_ _ 

Lower  Upper 

Trend 

Si02 

69.76% 

73.25% 

76.50%  68.9%  77.4%inorea3e 

MgO 

1.12 

0.36 

0.13 

0.6 

0.15 

P205 

0.102 

0.049 

0.013 

0.13 

O.Ol 

decrease 

CaO 

8.87 

5.82 

1.32 

2.2 

0.5 

decrease 

A1203 

11.52 

11.95 

12.90 

16.3 

12.4 

decrease 

K20 

4.86 

4.89 

5.11 

5.3 

4.8 

Ti02 

0.131 

0.126 

0.137 

0.37 

0.1 

decrease 

Iron 

0.83 

0.80 

0.86 

1.9 

0.6 

decrease 

Na20 

2.68 

2.62 

2.89 

4.1 

3.8 

increase 

Ba 

126ppm 

131ppm 

72ppm 

2000 

50 

de.'i-ease 

Zr 

97pp,m 

86ppm 

86ppm 

250 

70 

Table  1 .  Chemical  analyses  of  Rainier  Mesa  Member 
(Tmr)  samples  from  the  study  area  compared  to  averages 
(Hildreth,  1981)  for  the  lower  and  upper  parts  of  the 
magma  chamber  for  Tmr.  Tmr  samples  are  plotted  with 
increasing  silica  content  and  the  Tmr-A  sam.ple  falls 
between  the  two  Tmr-B  samples.  Evolutionary  trends  are 
ones  observed  by  Broxton  and  others  (1986)  for  Tmr  and 
are  from  mafic  to  silicic  members. 


Table  1  shows  that  the  two  Tmr-B  samples  cover 
essentially  the  entire  range  of  values  (Hildreth, 
1981)  for  both  the  lower  and  upper  parts  of  the  magma 
chamber  for  silica,  magnesium,  phosphorous,  and 
potassium.  According  to  alaminum,  titanium,  iron, 
barium,  and  zirconium,  Tmr-B  is  probably  from  the 
upper  magma  chamber.  Tmr-A  is  probably  also  aerivea 
from  the  upper  portion  of  the  magma  chamber  as 
indicated  by  aluminum,  potassium,  titanium,  iron, 
barium,  and  zirconium.  For  silica,  magnesium,  and 
phosphorous,  Tmr-A  is  between  the  upper  and  lower 
parts  of  the  magma  chamber.  Calcium  is  too  high  for 
both  Tmr-A  and  Tmr-B,  while  sodium  is  too  low.  These 
results  indicate  that  both  Tmr-A  and  Tmr-B  are  more 
likely  to  be  derived  from  the  upper,  more  silicic 
portion  of  the  magma  chamber  which  was  erupted  first. 
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There  is  not  an  obvious  geochemical  difference  between 
the  two  which  would  produce  the  observed  spectral 
distinctions. 

Broxton  and  others  (1986)  state  that  the  more 
evolved,  silicic  portion  of  Tmr  has  a  higher  sanidine 
to  plagioclase  ratio  then  the  mafic  portion.  Sanidine 
is  an  abundant  phenocryst  in  about  equal  portions  of 
both  Tmr-A  and  Tmr-B,  again  indicating  that  they  are 
both  derived  from  the  silicic  portions  of  the  magma 
chamber. 

Mills  and  Rose  (1986)  state  that  pumice  from  Tmr 
is  either  mafic  or  silicic  with  the  base  of  Tmr 
characterized  by  only  silica-rich  pumice,  and  the  rest 
by  mixed  pumice.  Of  six  samples  that  show  Tmr-A 
spectral  signatures,  two  have  only  light  pumice 
fragments,  while  the  other  four  have  light  and  dar)c 
pumice.  Similarly,  three  samples  of  Tmr-B  have  mixed 
pumice,  two  have  just  silicic  pumice  fragments. 

Many  of  the  Tmr  samples  show  hematitic 
alteration,  with  a  reddish  color  in  hand  sample  and 
obvious  hematite  in  thin  section.  Similarly,  some  Tmr 
spectral  curves  do  show  good  ferric  iron  absorption 
troughs  below  0.5  microns.  However,  a  range  of 
hematitic  alteration  from  fresh  to  altered  is  obvious 
in  both  Tmr-A  and  Tmr-B.  Hematitic  alteration  does 
appear  bo  be  somewhat  more  prevalent  in  Tmr-B. 

Strong  water  absorption  is  observed  for  many 
samples  of  Tmr-B,  as  seen  in  Figure  3.  However, 
several  Tmr-A  samples  also  show  water  absorption. 
Samplea  exhibiting  hematitic  alteration  have  better 
developed  water  absorption  bands. 

Smith  (1960)  discussed  in  situ  evolution  of  an 
ash  flow  tuff.  ■  As  the  tuff  cools  in  place,  it  may 
weld,  with  a  zone  of  dense  welding  occurring  in  the 
lower-central  portion  of  thio)t  flows,  zones  of  partial 
welding  above  and  below  this,  and  zones  of  poor 
welding  at  the  top  and  base  of  the  flow.  Superimposed 
upon  this  will  be  varying  crystallization  effects, 
including  devitrification,  vapor  phases,  granophyric 
crystallization,  and  fumarolic  alteration. 
Devitrification  of  glass  into  spherulitic  and 
axiolitic  intergrowths  was  ranked  in  five  thin 
sections  of  Tmr  (Table  2) .  Samples  of  Tmr-A  ranked  in 
the  middle  (3  and  4),  while  Tmr-P  thin  sections  showed 
the  most  (5)  and  least  (1  andi2)  devitrification. 
Degree  of  devitrification  did*  not  directly  correlate 
to  strength  of  water  absorption  bands. 


.  ImtrA _ Tmr-B 

Devitrification  (l»low,  5=high)  3,4  1,2,5 

K20/Na20  (<1.8-not  hydrated)  1.81,  1.87  1.77 

Welding  (l«mod,  3-mod  well)  1,2  1.5, 2, 3 

Density  (1-light, 4«heavy)  1,1, 2, 3, 3, 4  2, 2, 3, 4, 4 


Table  2.  Ranking  of  devitrification,  hydration  of 
glass,  welding,  and  density  of  samples. 


Vapor  phase  crystallization  involves  growth  of 
alkali  feldspar,  tridymite,  and  cristobalite  in  open 
pore  spaces  (Smith,  1960) .  It  predominantly  occurs  in 
the  upper  partially  welded  zone  and  part  of  the  upper 
poorly  welded  zone.  Sanidine  crystals  are  equally 
common  in  Tmr-A  and  Tmr-B.  The  presence  of  tridymite 
and  cristobalite  iias  not  been  assessed.  Granophyric 
recrystallization  is  relatively  rare,  and  only  occurs 
in  the  interior  core  of  very  thick  ash  flows. 

Fumaroles  on  the  surface  of  the  flow  may  lead  to  local 
alteration,  characterized  by  distinctly  variegated 
colors  which  have  not  been  seen  in  either  Trar-A  or 
Tmr-B  samples. 

The  degree  of  welding  was  assessed  lor  five  thin 
sections  of  Tmr.  Welding  ranged  from  moderately  welded 
(1)  to  moderately  well  welded  (3) .  Tmr-B  was  in 


general  better  welded,  as  shown  on  Table  2.  Relative 
densities  of  the  samples  showed  a  similar 
relationship,  with  samples  of  Tmr-B  being  more  dense 
than  Tmr-A. 

The  U.S.  Geological  Survey  quadrangle  map  for 
the  study  area  (Byers  and  Barnes,  1967)  describes  Tmr 
as  being  a  "multiple-flow  compound  cooling  unit"  up  to 
60m  thick  with  a  "brown,  densely  welded  vitrophyric 
biotite  ash-flow  tuff"  on  the  top  and  a  "pinkish-grey 
pumiceous  partly  welded  ash-flow  tuff"  below. 
Comparison  of  the  geologic  map  and  the  TM  imagery 
shows  that  where  the  two  occur  together,  unit  Tmr-A 
outcrops  on  hill  tops  and  Tmr-B  on  lower  slopes.  This 
matches  the  observation  that  samples  of  Tmr-A  are  more 
brownish,  whereas  Tmr-B  are  more  pinkish.  However,  it 
is  contrary  to  the  observation  that  Tmr-B  is  better 
welded,  and  both  range  from  only  moderate  to 
moderately  well  welded.  Overlaying  the  sampling 
locations  onto  the  image  and  geologic  map  shows  that 
all  of  the  Tmr-A  samples  were  collected  from  portions 
of  the  image  showing  the  greenish  Tmr-A  color 
response,  while  all  but  one  of  the  Tmr-B  samples  were 
from  orange  (Tmr-B)  regions. 

Spectral  response  curves  for  several  other  rook 
sample  groups  were  divisible  into  sub-units.  This  was 
true  of  the  altered  tuff  and  the  Ammonia  Tanks  Member 
(Tma)  of  the  Timber  Mountain  Tuff.  Not  all  of  these 
groups  appear  to  match  the  histograms  from  their 
training  areas.  All  of  the  Tma  samples  were  collected 
from  the  northwest  part  of  the  quadrangle  sandwiched 
between  a  mapped  altered  tuff  and  basalt  dike.  The 
histograms  for  this  unit  did  not  give  a  good  match  to 
any  of  these  sub-units,  but  its  training  area  was  in 
the  southern  portion  of  the  quadrangle,  where  the  unit 
was  more  pristine.  Tma  and  the  altered  tuff  were  also 
analyzed  using  thin  sections  and  geochemistry,  and 
yielded  results  similar  to  Tmr. 

This  study  shows  that  reflectance  spectral 
response  curves  are  valuable  for  distinguishing 
different  units  and  sub-units  on  images.  It  also 
shows  the  necessity  of  collecting  rock  samples  from 
the  training  areas  directly,  rather  than  in  areas  that 
may  be  affected  by  different  aiteration  and  weathering 
processes . 
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Figure  1.  Spectral  curves  and  histograms  for  the  Smoky 
Member  of  the  Nopah  Formation,  a  carbonate.  A) 
Spectral  curves  for  fresh  surfaces.  B)  Spectral 
curves  for  weathered  surfaces.  C)  Histograms  from  the 
original  March  TM  image  (dashed  line) ,  March  shadow 
corrected  TM  image  (solid  line)  and  June  TH  image. 
Notice  the  improvement  obtained  with  the  shadow 
correction  technique. 


Figure  2.  Spectral  curves  and  histograms  for  Tmr-A,  Figure  3.  Spectral  curves  and  histograms  for  the 

one  of  the  observed  responses  from  the  Rainier  Mesa  other  response  (Tmr-B)  from  the  Rainier  Mesa  Member. 

Member  of  the  Timber  Mountain  Tuff.  Sam.e  conventions  Same  conventions  as  Figure  1 

as  Figure  1. 
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ABSTRACT 

The  Thermal  Infrared  multlspectral  Scanner  (TIMS)  «as 
flovm  on  the  NASA  C-130  aircraft  for  series  of  a  12 
flights  during  the  HAPEX  experiment  In  the  Southwest 
of  France  during  1986.  TIMS  provided  coverage  of  the 
8-12  micrometer  thermal  Infrared  band  In  6  contiguous 
channels  so  It  Is  possible  to  observe  the  spectral 
behavior  of  the  surface  cmlsslvlty  over  this  wave¬ 
length  Interval.  The  surfaces  observed  ranged  from 
bare  soils  to  coniferous  forest.  As  expected,  the 
fully  vegetated  fields  and  coniferous  forest  exhibited 
little  or  no  spectral  variation  as  did  a  small  lake. 
However,  the  bare  soil  surfaces  had  a  5  to  10°C 
difference  In  radiant  temperature  over  the  TIMS 
channels  with  the  3  shorter  wavelength  channels 
(8.0  <  X  <  9.6  micrometer)  being  cooler  than  the  3 
longest  wavelength  channels.  This  qualitatively 
agrees  with  laboratory  measurements  done  by  a  group 
from  the  Universite  Louis  Pasteur  in  Strasbourg  on 
soil  samples  from  this  area.  This  spectral  variation 
arises  from  the  absorption  of  infrared  radiation  due 
to  the  stretching  vibrations  of  the  silicon-oxygen 
bonds  of  silicates  In  the  soil.  These  results 
indicate  that  the  longer  wavelength  channels  in  the 
8-12  micrometer  band  may  be  more  effective  for  surface 
temperature  sensing  for  soils  rich  in  silicates. 


1.  INTRODUCTION 

Understanding  the  spectral  variation  of  the  surface 
emlssivity  In  the  thermal  Infrared  portion,  8-14 
micrometers  or  microns,  of  the  electromagnetic 
spectrum  for  the  earth's  surface  Is  Important  for  the 
determination  of  its  surface  temperature.  Over  the 
ocean  the  emlssivity  is  assumed  constant  over  this 
region,  however  for  land  there  Is  considerable 
evidence  of  the  spectral  v.irlatlon  of  the  surface 
emission  over  the  thermal  infrared  band.  Large 
spectral  features  lie  in  the  8-10  micron  region  and 
are  attribuiea  to  the  fundamental  vibrations  of  Si-O 
bonds  [1].  They  arc  most  pronounced  In  quartz.  An 
example  of  this  feature  Is  shown  In  Fig.  1  where 
laboratory  measurements  of  the  emlssivity  of  a  sand 
and  a  loess  soil  from  France  are  presented  (2).  For 
the  sand  the  emlssivity  varies  from  less  that  0.8 
between  8  and  9  microns  to  about  0.95  at  10-12 
microns.  There  is  a  similar  but  less  pronounced 
variation  for  the  soil.  The  substitution  of  other 
metals,  e.g.,  A1  or  Mg  for  Si  produces  changes  in  the 
width,  depth  and  center  wavelength  of  the  absorption 
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band  and  thus  affords  possible  approaches  for  mapping 
silicate  rocks  (3).  However,  for  the  purpose  of  using 
thermal  Infrared  radiation  for  estimating  surface 
temperature,  these  variations  in  surface  emissivity 
provide  additional  complications  [4). 


Fig.  1.  Laboratory  measurements  of  the  emlssivity 
for  a  sand  (dashed  curve)  and  a  loess  soil  (dotted 
curve)  from  Nerry  et  al.  [2].  The  filter  functions 
for  the  6  TIMS  channels  are  also  plotted. 


2.  TIMS 

The  results  we  will  present  here  were  obtained  with 
the  TIMS  sensor  on  board  the  NASA  C-130  during  the 
HAPEX  aircraft  campaign  in  1986.  HAPEX  (Hydrologic 
Atmospheric  Pilot  Experiment)  had  as  its  primary 
objective  the  Improved  parameterization  of  the 
surface  fluxes  in  atmospheric  circulation  models  [5], 
[6).  It  Included  an  intensive  program  of  ground  and 
aircraft  observations.  The  remote  sensing  of  surface 
was  performed  by  a  suite  of  sensors  on  the  C-130 
aircraft.  These  included  a  microwave  radiometer  for 
soil  moisture  observations,  visible  and  near  IR 
scanner  for  vegetation  and  albedo  data  and  thermal 
infrared  scanner  for  surface  temperature. 

The  Thermal  Infrared  Multlspectral  Scanner  (TIMS)  has 
six  channels  in  the  thermal  Infrared  (8-12  microns) 
region  of  the  electromagnetic  spectrum.  The  filter 
functions  of  the  of  the  channels  are  shown  in  Fig.  1. 
In  the  figure  it  is  cleat  that  the  lower  3  channels 
will  have  a  lower  response. 
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The  Instantaneous  field  of  view  is  2.5  orad,  while 
the  detector  signals  are  sampled  every  2.08  mrad 
along  the  scan  (7).  Thus,  from  an  altitude  of  1500  m 
the  pixel  size  is  3.75  m  and  the  cross  track 
separation  is  3.2  m  at  nadir.  For  the  mid  altitude 
(~1500  m)  flights  to  be  considered  here  the  scan  rate 
was  set  at  25/sec,  which  at  a  typical  aircraft  speed 
of  80  m/sec  provided  complete  coverage.  The  digitized 
field  of  view  contains  638  pixels  and  covers  76.6° 
yielding  a  swath  width  of  2. A  km. 

For  calibration  the  system  is  equipped  with  cold  and 
warm  reference  sources  or  blackbodles,  approximately 
covering  the  temperature  range  of  interest.  For  most 
of  HAPEX  the  temperature  separation  between  the  two 
references  was  set  at  30°C.  The  reference  tempera¬ 
tures  are  known  to  better  chan  0.5  K  [7]. 

TIMS  responds  to  the  incident  radiance  (H/m^  sr  cm“l) 
and  is  related  to  the  brightness  temperature  of  Che 
observed  surface  via  the  Planck  equation  for  blackbody 
radiation.  However,  if  the  observed  temperatures  are 
close  to  the  calibration  temperatures,  say  within  10 
or  15°C,  the  error  arising  from  using  a  linear 
temperature  calibration  is  less  chan  1°C  and  that 
approximation  will  be  used  here  [81. 

The  temper.itures  given  by  the  sensor  represent  the  ' 
detected  radiance  at  the  aircraft  altitude.  In  order 
to  convert  this  result  to  the  actual  surface 
temperature,  atmospheric  effects  must  be  taken  into 
account.  These  Include  the  absorption  and  emission 
by  the  atmospheric  gases,  primarily  water  vapor  for 
this  portion  of  the  spectrum.  Since  the  relationship 
between  radiance  and  ceaperature  is  considered  linear, 
Eq.  1  can  be  used  Co  correct  for  these  atmospheric 
effects. 


°ir 
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Tij.  is  the  observed  temperature  (K),  Tg  the  surface 
temperature,  Tgy  the  average  air  temperature  for  the 
atmospheric  layer  between  the  surface  and  the  aircraft 
and  x'the  transmittance  of  this  layer  for  a  specific 
channel.  Radiosoundings  released  at  the  central  site 
within  one  hour  of  the  pass  are  used  to  determine  the 
transmittance  and  the  average  air  temperature.  The 
latter  is  calculated  assuming  that  the  principal 
absorption  is  by  water  vapor  and  so  the  temperatures 
are  weighted  by  the  vapor  content  of  the  layer. 
IX)HTRAN-6,  an  atmospheric  path  radiance  model 
developed  by  the  Air  Force  Geophysics  Laboratory  (9), 
is  used  CO  calculate  Che  transmittance  for  the 
different  channels.  On  June  16  the  values  of  x  ranged 
from  0.70  for  band  1  to  0.82  for  band  5.  These  re¬ 
sults  are  for  the  1.5  km  altitude  with  Tgy  “  292.0  K. 
The  low  value  for  band  1  indicates  the  Increased  water 
vapor  absorption  at  the  8  micron  edge  of  the  window  as 
seen  in  Fig.  1. 


3.  RESULTS 

The  central  sice  for  the  surface  measurements 
program  in  HAPEX  was  a  large  clearing  (5x5  km)  in 
the  Les  Landes  pine  forest  in  the  northern  portion  of 
the  square  near  the  town  of  Lubbon.  Within  this 
clearing  acoustic  and  radio  soundings  of  the 
atmosphere  were  made  along  a  road  separating  a  corn 
and  oat  field.  There  were  SAMER  flux  measurement 
stations  [10]  in  each  of  these  fields.  Images  of  the 
TIMS  data  for  this  general  area  were  created.  From 
these  Images  it  was  possible  to  select  the  data  which 
corresponded  to  specific  surface  conditions. 


Averages  of  Che  radiant  temperature  from  several 
hundred  to  a  thousand  pixels  were  obtained  and  the 
results  are  presented  in  Fig.  2  for  16  June  1986. 

The  surfaces  considered  were  oats,  corn,  pine  forest 
and  bare  soil.  The  oat  field  was  quite  mature  with 
full  cover  while  the  corn  was  about  0,7  m  high  with 
considerable  bare  soil  showing. 

TIMS  RESPONSE  -  LUBBON  SUE 
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Fig.  2.  Spectral  variation  of  the  TIMS  response  for 
several  surface  conditions.  The  data  for  the  corn 
field  and  forest  are  corrected  for  atmospheric 
effects,  both  the  raw  and  corrected  values  ate  given 
for  the  oat  and  bare  fields. 


For  the  oat  and  bare  fields,  both  the  raw  and  • 
atmospheric  corrected  temperatures  are  presented  to 
demonstrate  the  magnitude  of  the  atmospheric  effects. 
For  the  oat  field,  the  correction  is  between  1.5  and 
2.5°C  while  for  the  bare  field  it  is  much  larger, 
between  5  and  8°C.  After  correction,  the  response  is 
rather  flat  for  both  oat  field  and  the  forest,  with 
about  a  1°C  spread  among  the  6  channels.  There  is  a 
small  (~3°C)  for  the  corn  field  and  large  (~10°C) 
shift  for  the  bare  soil.  The  latter  implies  about  a 
0.03  shift  in  emissivlty  between  the  lower  and  upper 
channels  of  TIMS.  This  is  comparable  to  that  shown 
in  Fig.  1  for  the  loess  soil. 

The  results  for  both  16  and  27  June  are  summarized  in 
Table  1.  The  biggest  difference  between  the  two  days 
is  for  the  corn  field  whose  surface  temperature 
decreased  by  15°C  as  a  result  of  increased  vegetation 
cover,  the  height  of  the  plants  increased  from  .7  to 
1.7  m  during  this  interval.  On  16  June  there  is  a  3 
to  A°C  difference  between  the  lower  and  upper  TIMS 
channels  and  on  the  27th  the  difference  has  decreased 
to  less  than  1°C.  While  the  corn  was  cooling  the  oat 
field  was  getting  warmer  as  the  crop  passed  into 
senescense.  The  air  temperatures  listed  in  Table  1 
were  from  the  flux  measurement  stations  in  each  field 
and  it  is  seen  that  wasn't  much  difference  between 
the  fields  on  either  day. 
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Table  1.  Average  TIMS  brightness  temperatures  in  Celsius  for  Lubbon  site 


Oats 

Day  167  Day  178 

Corn 

Day  167  Day  178 

Forest 

Day  167  Day  178 

Bare 
Day  167 

field 

Day  178 

Air  temp 

27.7 

26.2 

27.5 

25.1 

... 

... 

... 

_ 

Chan  1 

27.4 

31.3 

44.6 

30.8 

31.3 

28.4 

47.4 

49.8 

Chan  2 

27.6 

31.1 

44.5 

30.5 

31.5 

28.2 

46.5 

48.6 

Chan  3 

27.9 

31.4 

45.0 

30.5 

32.0 

28.3 

45.5 

47.6 

Chan  4 

28.4 

31.6 

48.4 

31.8 

32.4 

28.2 

56.4 

57.3 

Chan  5 

28.1 

31.5 

48.0 

31.9 

31.9 

28.4 

56.4 

56.8 

Chan  6 

28.1 

31.6 

47.2 

31.9 

31.8 

28.5 

55.5 

56.5 

4.  DISCUSSION 

In  a  recent  paper,  Price  (4)  developed  an  algorithm 
for  estimating  land  surface  temperatures  using  the 
split  window  channels  on  the  NOAA  AVHRR  sensor.  The 
algorithm  Involved  a  correction  for  the  surface 
emlsslvlty  differences  between  channels  4  and  3  on 
the  AVHRR.  The  wavelengths  for  these  two  channels  are 
approximately  the  same  as  channels  S  and  6  of  TIMS. 

The  results  presented  here  would  indicate  that  for 
the  HAPEX  area  the  emlsslvlty  difference  between  the 
channels  is  essentially  zero  which  reduces  the 
complexity  of  the  surface  temperature  extraction. 
However,  the  absolute  value  of  the  emlsslvlty  must 
still  be  known  and  we  were  unable  to  determine  that 
with  these  data. 

As  we  noted  for  the  corn  field  the  spectral  difference 
decreased  as  the  crop  matured  because  of  the  reduced 
amount  of  bare  soil  visible  to  the  sensor.  This 
decrease  may  then  be  used  as  an  Indicator  of  the 
amount  of  vegetation  cover.  Gillespie  (3)  observed 
this  phenomena  In  flights  over  a  quartz  rich  rock 
with  varying  covers  of  a  pine  forest  in  Sierra  Nevada 
of  California.  He  was  able  to  observe  the  rock 
spectral  features  with  up  to  80Z  cover.  Thus,  the 
spectral  variation  of  surface  emlsslvlty  may  provide 
another  tool  for  estimating  vegetation  cover  amounts. 
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The  use  of  portable  ground-based  sensors  for  measuring 
crop  reflectance  has  created  a  need  for  comparable  and  relicible 
measurements  procedures  capable  of  providing  caliberated  and 
reproducible  canopy  reflectance  data.  It  could  be  said  that 
the  measurement  of  spectral  characteristics  of  the  mam  field 
crops,  using  hand-held  radiometer,  is  a  suitable  means  for  their 
identification  oti  satellite  images.  Also,  it  will  help  in 
uiKlerstanding  their  spectral  seperability  which,  in- turn,  could 
assist  computer-aided  classification  of  crops  on  satellite 
digital  data.  Spectral  signature  is  one  of  the  useful  tools  in 
the  analysis- of  LANDSAT  digital  data  as  it  forms  the  basis  of 
identification  and  discrimination  between  variuos  field  crops 
ai>d  features  on  earth.  The  objective  of  the  current  study  aims 
at  correlating  ground  bidirectional  spectral  reflectance  data 
of  cotton  and  rice  field  crops  throughout  their  growing  season 
with  high  altitude  remotely  sensed  data.  Using  hand-heln 
.spectroradiometer  having  four  wavelength  bands  of  the  LANDSAT 
multispectral  scanner  (MSS),  enables  us  to  collect  m  situ 
temporal  spectral  measurements  of  cotton  and  rice  field  crops. 

Green,  red  are!  infrared  reflectances  are  closely  related 
to  the  agronomic  and  physiological  properties  of  both  crops  such 
as  plant  height, .crop  cover  percentage,  green  leaf  biomass  and 
chlorophyll  content.  Data  also  reveal  that  the  decreased 
reflectance  values  in  infrared  portion  particularly  for  rice 
during  maturity  stage  aremainly  due  to  yellowing  and  dryness  of 
rice  plants.  The  reduction  iii  the  infrared  reflection  for  rice 
Canopies  IS,  however,  4  times  as  that  of  cotton  in  band  6;  the 
reduction  is  almost  one  third  for  submerged  rice  than  that  of 
cotton  111  b.iiKl  7. 

The  greon/red  ratio  seems  to  be  ineffective  for  vegetation 
discrimination.  Significant  interrelationships  have  been 
established  between  infrared/red  ratio,  vegetation  iidt-x,  plant 
height  and  crop  cover  percentage. 

Therefore,  monitoring  the  stages  of  crop  development  based 
on  vegetation  index  for  cotton  and  rice  have  been  proposed  as 
well  as  five  distinct  and  .spectrally  measurable  stages  which 
were  defined.  The  reflectance  values  reveal  that  maximum  growtti 

r»«t  I\  *>  .  •‘M  •. *7 

where  two  thirds  of  tins  period  is  represented  by  vegetative  and 
flowering  stages.  The  highest  value  of  spectral  reflectance 
had  been  recoi  ’*d  for  cotton  using  the  four  bands  of  the  radio¬ 
meter  on  15.  188,  while  rice  at  ihe  middle  of  the  growing 

season,  2  moiiiiis  alter  plantation.  However,  spectral  reflectance 
values  for  rice  and  corp  are  lower  than  that  of  cotton  at  their 
maximum  growth. 
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identify  mislocated  TOVS  data 


ABSTRACT 

HOAA/NESDIS  produces  operational  sounding  products 
from  the  TIROS  Operational  Vertical  Sounder  (TOVS) 
instrument  onboard  two  IIOAA  polar  orbiting  satel¬ 
lites.  NESDIS  provides  timely  processing  and 
distribution  of  TOVS  sounding  products  for  use  in 
operational  numerical  weather  prediction  fcecast 
models. 

On  September  16,  1988  the  TOVS  operation  was  upgraded 
from  a  statistical  regression  to  a  physical  retrieval 
approach  to  co-.pute  atmospheric  sounding  products 
(Fleming,  1988) .  The  physical  retrieval  approach 
applies  radiative  transfer  physics  to  retrieve 
atmospheric  sounding  products  from  the  observed  TOVS 
measurements.  This  paper  discusses  the  assimilation 
of  these  new  algorithms  into  the  TOVS  operational 
software  system  and  presents  results. 

Key  Words:  Sounding,  Satellite,  Physical,  Radiance, 
Weather 

1.  .  TOVS  BRIGHTNESS  TEMPERATURE  COMPUTATION 

The  TOVS  instrument  consists  of  three  sounders  and  27 
sounding  channels.  The  High-resolution  InfraRed 
Sounder (HIRS/2)  contains  20  channels  m  the  15  micron 
and  4.5  micron  ranges  with  a  horizontal  f leld-of-view 
(fov)  of  17.5  )(ni  at  the  sub-satellite  point.  The 
Microwave  Sounding  Unit  (KSU)  contains  4  channels 
ranging  from  50.3  to  57.9  gKz  with  a  110  ‘>cm  fov  at 
the  sub-satellite  point.  The  Stratospheric  Sounding 
Unit  (SSU),  provided  by  the  British  Meteorological 
Office,  contains  3  channels  which  measure  stratosphe¬ 
ric  e-missions  with  a  110  Km  fov  at  nadir. 

The  TOVS  brightness  temperatures  for  each  channel 
that  are  used  in  the  retrieval  sequence  are  computed 
in  three  principal  software  modules  prior  to  entering 
the  retrieval  sequence.  The  TOVS  raw  data  first 
undergo  initial  processing  in  the  TOVS  Preprocessor 
module.  The  preprocessing  consists  of  steps  to: 

*  screen  and  calibrate  the  incoming  TOVS 
data, 

*  limb  correct  the  data  to  the  nadir  scan 
view, 

*  correct  the  HIRS/2  channels  8,  18,  and 
19  for  water  attenuation  effects, 

*  screen  the  MSU  data  for  precipitation 
contamination, 

*  interpolate  the  HSU  data  to  each  HIRS/2 
fov,  and 


The  preptocessed  TOVS  data  at  each  HIRS/2  fov  are 
then  entered  into  the  TIROS  Atmospheric  Radiance 
Module  (TARK) .  The  HIRS/2  data  are  tested  for  clouds 
■•iid  a  cloud  clearing  algorithm  (McMillin,  1982)  is 
applied  to  remove  cloud  effects.  At  the  conclusion 
of  TARM  processing,  a  dear-column  TOVS  brightness 
temperature  piofile  has  been  computed  for  each  TOVS 
"minibox".  A  loinibox  is  a  pre-defined  by  3  array 
of  HIRS/2  fov  locations  (Reaie,  1986).  Each  minibox 
as  labelled  as  either  dear,  corrected  clear  or 
cloudy;  for  cloudy  niniboxes  the  HIRS/2  tropospheric 
channels  arc  suppressed. 

The  dear-column  profiles  foi  each  rainibox  then  eiitti 
the  TOVS  Filter  .moduU'  (Reale,  1986).  Objective 
analysis  is  applied  to  the  clear  and  corrected  clear 
profiles  and  outlier  miniboxes  are  removed.  The 
remaining  TOVS  miniboxes  are  then  reduced  to  a  "low 
density"  dataset  which  has  a  nominal  250  Itm  spacing 
between  miniboxes  with  a  minimum  of  100  )tra  spacing  in 
regions  of  increased  brightness  temperature  gradient. 

2.  TUNING 

The  physical  retrieval  approach  requires  kr.owl  ,  ge 
of  tile  atmospheric  transmittance  functions.  Since  ai. 
accurate  Itnowledge  of  these  functions  is  not  known, 
the  requited  relationship  between  temperature  and 
radiance  is  estimated  from  "small  sasple"  sets  of 
collocated  radiosonde  and  satellite  soundings 
•."leming  and  Crosby,  1986).  These  are  referred  to  as 
the  tuning  data.  The  procedure  to  generate  tuned 
datasets  for  use  in  the  retrieval  sequence  entails: 

*  the  daily  culiection  of  collocated  radio¬ 
sonde  and  satellite  sounding  matched  pairs, 

*  the  daily  updating  of  a  28-day  and  21-day 
rotating  datasets  of  matched  pairs, 

*  the  weekly  updating  of  mean  temperature, 
moisture  and  TOVS  brightness  temperature 
profiles  for  27  geographical  zones,  and 

*  the  weekly  updating  of  the  retrieval 
"operator"  constructed  for  each 
geographical  zone. 

Raaiosonde  and  satellite  sounding  matched  pairs  are 
collected  daily  for  each  satellite.  These  matched 
pans  must  be  collocated  within  tnree  hours  and  at 
least  300  km.  The  distance  window  ''Aries  by  region 
based  on  the  availability  of  timely  radiosondes  and 
is  less  than  50  km  in  the  northern  mid-latitudes. 
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Figures  5-8;  Vertical  accuracy  statistics  for  NOAA-10  and  NOAA-ll, 
clear  and  cloudy  soundings,  for  the  latitude  zone  30N 
to  30S. 
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In  ttQuatioii  2,  V  is  th«  sounOang  products  vector, 
VGESS  is  the  fi'st  guess  products  vectoi ,  C  is  the 
retrieval  operator,  R  is  thi  e'ear  coluian  radiance 
vector  for  the  nonibox  and  RGESS  is  the  first  guess 
radiance  vector.  The  TOVS  channels  used  art-  the  s.nnt. 
as  those  used  to  compute  the  first  guess.  The 
retrieved  temperature  and  moisture  profi’es  are  then 
converted  to  layer  mean  virtual  temperature  and 
precipitable  water  contents.  These  products  for  the 
low  density  dataset  are  routinely  distributed  and 
archived  by  IJESDrs. 

4)  RESULTS 

HESDIS  is  responsible  fot  the  loutine  t-.onitoring  of 
satellite  sounding  accuracy.  The  traditional  method 
has  been  to  conpute  vertical  accuracy  statistics 
based  on  the  matched  pair  datasets  described  in 
Section  2  using  the  radiosonde  as  ground  truth. 
Figures  1  to  8  show  typical  vertical  error  statistics 
in  the  layer  mean  virtual  temperature  f'"-  NOAA-10  and 
NOAA-li  operational  physical  retrievals  based  on  a 
one  week  sample  duiing  Xarch.  Error  statistics  are 


shown  for  clear  and  cloudy  soundings  and  for  two 
latitude  legions,  90H  to  SON  (ti'P  lou)  and  iOil  to  30S 
(botton  row).  Typical  satellite  sounding  errors  in 
ti.i  troposphere  -^re  less  than  ?K  w-tb  a  'mas  of  le.ss 
than  .5K.  The  largest  errors  occur  near  the  surface 
particularly  for  the  cloudy  soundings,  direful 
interpretating  of  such  statistics  is  needed  since 
•.ley  do  not  include  vast,  remote  jigions  of  the  globe 
for  which  radiosondes  are  not  available,  .further- 
r.ote,  the  radiosondes  are  subject  o  rc^ -.'■vresieiii 
errors.  However,  experience  suggests  that  ve-rtic^' 
error  statistics  computed  in  such  a  manner  provide  a 
meaningful  estimate  of  typ'c?)  ss  soundmg 

errors. 

Impto.vd  cooperation  between  iJSSDIS,  the  Hafional 
Keteorological  Centel  (IfKC) ,  and  inturnalioiial 
forecast  centers  such  as  the  European  Coiitt-i  for 
Kcdium,  Range  Weather  rotecasling  (ECKWF)  has  resulted 
.*11  the  use  of  a  new  loo)  for  vaJidelii..!  satellite 
souneing  products,  name'y  the  analyred  fields  fror. 
weathei  forecast  cycles.  Exastpits  of  this  tc 
illustrated  in  Figures  w  to  12.  Figures  9  and  11 


M  11  TOVS  OPERATION  DATE  12/0/88 
TEWPERATURE  500  NB  TINE  21-0  2 


Figure  9;  Graphic  display  of  analyzed  SOOmb 
temperature  field  for  successive  NOAA-ll 
orbits. 


NNC  GLOBAL  ANALYSIS  DATE  12/9/08 
TENPERATURE  500  NB  TINE  9  2 


N-18  TOVS  OPERATION  DATE  12/9/08 


Figure  11:  Graphic  display  of  analyzed  500mb 
temperature  field  for  successive  NOAA-10 
orbits. 


Figure  10:  Graphic  display  of  SOOmb 
temperature  field  for  NMC  Global  Analysis 


Figure  12:  Graphic  display  of  SOOmb 
temperature  field  for  NMC  6-hour  Forecast, 
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show  graphic  displays  o£  analyzed  500  nb.  temperature 
fields  of  satellite  soundings  for  successive  NOAA-10 
and  NOAA-11  passes  over  the  N.  Pacific.  Figures  10 
and  12  show  the  corresponding  HKC  Analysis  and  6-hour 
Forecast  analyzed  products.  Each  satellite  data 
field  represents  a  composite  analysis  over  about  four 
hours  {i.e.,  3  orbits)  while  the  h'KC  fields  are 
synoptic.  Overall,  areas  of  agreement  and  some 
differences  can  be  seen.  Forecast  modelers  and 
satellite  meteorologist  ali'se  are  coning  to  rely  noie 
heavily  on  such  comparisons  since  they  more  directly 
measure  model  impact.  The  approval  of  the  TOVS 
physical  retrieval  system  for  operational  implementa¬ 
tion  required  that  NKC  perform  a  successful  model 
impact  study  (Dey,  1989). 

5.  REMARKS 

The  NESDIS  mission  provides  for  the  development  and 
implementation  of  improved  soundings  generation 
algorithms.  The  implementation  of  a  physical 
retrieval  algorithm  for  TOVS  sounding  products  is  one 
example.  Current  research  to  improve  the  first  guess 
through  air  mass  classification  techniques  and  the 
use  of  the  NHC  6-hour  forecast  is  ongoing.  Improve¬ 
ments  in  the  physical  models  of  atmospheric  radiation 
transfer  are  also  needed  and  are  under  investigation. 
The  spirit  of  cooperation  between  NESDIS,  IKC  and 
international  forecast  centers  who  rely  on  sounding 
products  has  greatly  improved  in  recent  years. 
Increased  user  feedback  has  become  important  in 
identifying  problems  and  determining  the  priority  of 
research  support  activities.  A  belter  understanding 
of  the  impact  of  satellite  soundings  on  numerical 
weather  forecast  models  and  improved  applications  of 
satellite  based  products  in  the  models  are  evolving. 
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ABSTRACT 

This  paper  explores  use  of  the  Airborne 
Vlslble/Infrared  Imaging  Spectrometer  (AVIRIS)  to: 
(1)  retrieve  atmospheric  vater  vapor  dlscrlbuclons 
using  band  ratio  techniques,  (2)  validate  column 
abundances  obtained  by  comparison  with  existing 
techniques,  including  infrared  and  microwave  methods, 
(3)  explore  retrieval  of  estimates  of  surface 
moisture  fluxes  via  the  equation  of  continuity  for 
water  vapor  In  the  atmosphere.  AVIRIS  provides 
spectral  data  to  generate  precise  spatial  variations 
of  atmospheric  water  abundance.  The  reflective 
Infrared  techniques  used  are  precise  compared  to 
passive  Infrared  and  microwave  methods.  Validation 
of  the  absolute  precision  of  recovery  depends  upon 
Instrumental  factors,  upon  specification  of 
scattering  characteristics  of  the  atmosphere,  and 
upon  compensation  for  variations  In  surface 
reflectance  from  soli  or  plant  moisture  or  surface 
mineralogy  across  the  spectral  Intervals  employed. 
These  are  currently  under  way.  Studies  are  also 
underway  to  evaluate  sensitivity  of  the  discussed 
techniques  to  scattering  and  surface  reflectance 
Influences  to  which  they  are  vulnerable.  The  paper 
explores  possibilities  of  retrieving  air  motions  and 
flux  conditions  on  moisture  at  the  atmosphere -ground 
Interface  using  column  moisture  abundances  as 
retrieved  by  AVIRIS  as  tracers. 

Keywords:  Remote  Sensing,  Imaging  spectrometry, 

atmospheric  water  vapor,  evaporation. 

1.  INTRODUCTION 

This  paper  analyses  atmospheric  water  vapor  In 
imaging  spectrometer  data  over  land  surfaces. 
Atmospheric  water  vapor  Is  an  Important  reservoir  In 
the  global  hydrosphere  having  profound  Implications 
for  maintenance  of  fresh  water  supplies  over  land 
areas,  for  energetics  of  the  atmosphere,  and  for 
modelling  of  the  Earth's  hydrologic  cycle  and 
climate.  Measurement  of  land  surface  evaporation  Is 
difficult,  locally  or  on  a  regional  basis.  The 
present  methods,  or  extensions  thereof,  offer  a  good 
way  to  determine  column  water  abundance,  and  In 
principle  regional  evaporation.  In  Che  present  and 
future  studies  we  want  to  capitalize  on  the  spectral 
resolution  and  Imaging  capabilities  of  the  Airborne 
Vlslble/Infrared  Imaging  Spectrometer  (AVIRIS)  to 
provide  multitemporal  maps  of  the  column  abundances 
of  atmospheric  preclpltable  water  over  field  sites 


containing  wet  and  dry  surfaces  at  unprecedented  high 
spatial  resolution  (-20.  m)  for  measurements  of  this 

type.  From  changes  In  the  distributions  with  time  we 
will  explore  the  possibility  of  obtaining  estimates 
of  average  wind  speed  in  the  water  vapor  boundary 
layer.  Estimates  of  the  vertical  and  horizontal  eddy 
diffusion  coefficients  may  also  be  derivable  by  such 
observations.  Water  vapor  has  long  been  used  as  an 
atmospheric  tracer.  Klelnschmldt  (1959)  and 
Danlelsen  and  Reiter  (I960)  used  the  conservation  of 
specific  humidity  to  determine  the  accuracy  of 
Isentroplc  wind  trajectory  analyses.  The  most 
ambitious  goal  we  set,  which  can  be  studied 
regionally  with  AVIRIS  and  globally  using  the  High 
Resolution  Imaging  Spectrometer  (HIRIS)  and  the 
Moderate  Resolution  Imaging  Spectrometer  (MODIS)  both 
on  the  Earth  Observing  System  (Eos) , .  Is  to  measure 
the  surface  evaporative  flux  of  water.  This  can  be 
accomplished  in  principle  by  evaluating  terms  of  the 
vertically  Integrated  equation  of  continuity, 
suitably  time  and  spatially  averaged,  to  recover 
surface  sources.  Another  improved  product  of  the 
proposed  atmospheric  water  analysis  will  be  better 
maps  of  the  surface  distribution  of  plant  (and  soil) 
moisture.  These  maps,  which  can  In  principle  be 
derived  independently  from  analysis  of  the  surface 
spectrum,  will  themselves  be  useful  for 
Identification  of  surface  moisture  sources,  and  from 
spectral  properties  and  surface  temperature 
information,  the  evapotransplratlve/evaporatlve 
potential  of  vegetation/water  surfaces.  This 
information  is  important  for  localization  of 
Indlgeneous  as  opposed  to  advected  moisture 
components  in  the  image  representations. 

2.  BACKGROUND 

Description  of  AVIRIS.  AVIRIS  is  a  whlskbroom- 
scanner  that  acquires  Images  In  220  contiguous  10  nm 
spectral  channels  throughout  the  spectral  region  AOO- 
2650  nm.  The  instantaneous  fleld-of-vlew  is  10’ 
radians,  representing  a  surface  spot  size  of  20  m 
from  the  NASA  U2  flight  altitude  of  20  km  above 
terrain.  A  scan  angle  of  ±  15°  generates  an  Image  of 
swath  width  10.5  km  on  the  ground.  The  data  possess 
high  geometric  fidelity  and  can  ordinarily  be 
superposed  without  correction  directly  on  7  1/2 

minute  USGS  topographic  maps.  The  status  of  AVIRIS 
during  the  1987  overflight  of  Mountain  Pass  Is 
described  by  Green  et  al.(1988). 
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Figure  1.  total,  direct  +  diffuse,  and  path  spectral 
radiance  at  10  nm  AVIRIS  spectral  resolution  and  20 
km  observational  altitude  computed  from  LOWTRAH  7 
standard  MLS  model  for  field-determined  Ivanpah  Playa 
reflectance. 


Spectral  method  of  water  vapor  measurement.  In 
contrast  to  raid- Infrared  and  microwave  techniques 
(Isaacs,  et  al.,  1986)  that  depend  upon  analysis  of 
emitted  radiation  for  retrieval  of  column  water  vapor 
abundances,  the  present  method  relies  upon 
measurement  of  reflected  solar  radiation  and  the 
determination  of  water  absorption  band  depth  by  a 
band  ratlolng  technique.  This  method,  employing  the 
1400  nm  water  absorption  was  the  experimental  basis 
for  water  detection  and  measurement  on  Mars  (Farmer, 
et  al.,  1977).  It  has  heretofore  been  suggested  for 
terrestrial  satellite  applications  by  Gorodetsky  and 
Syachlnov  (1983).  The  band  ratio  method  Indexes 
absorption  band  depth  by  forming  a  ratio  between 
radiance  In  adjacent  continuum.  Figure  1  shows  the 
spectral  radiance  at  AVIRIS  resolution  for  an 
altitude  of  20  km  according  to  the  standard 
midlatitude  summer  model  of  LOWTRAN  7  (Knelzys,  et 
depicting  the  atmospheric  water 
absorption  and  continuum  bands  of  Interest  In  this 
work.  Band  ratios  are  calibrated  for  path  water 
abundance  using  the  LOWTRAN  7  model  (Including 
atmospheric  scattering)  to  provide  water  vapor  curves 
of  growth,  particularized  for  Illumination  and  site 
elevation.  The  LOWTRAN  7  model  contains  an  Improved 
absorption  line  list  for  these  bands  compared  to  • 
LOWTRAN  6,  constructed  by  the  same  authors,  and  in 
addition  calculates  the  contribution  of  multiple 
aerosol  scattering  In  the  emergent  flux.  All  such 
curves  of  growth  for  the  bands  of  Figure  1  are 
accurately  (r  -  0.98  or  better)  found  by  curve 
fitting  to  be  of  the  form  RATIO  -  Aexp(-Byw),  where  w 
Is  defined  as  the  spectroscopic  abundance  of  water  In 
preclpltable  cm.  Reflectance  techniques  employing 
the  present  bands  for  recovery  of  column  water 
abundance  are  Insensitive  to  temperature  distribution 
In  the  atmosphere.  Adjustments  for  pressure  are 
Incorporated  on  a  site  specific  basis  using  the 
WWTRAN  7  model.  The  method  benefits  In  sensitivity 
from  a  double  path,  downward  slant  and  upward 
vertical,  through  the  atmosphere.  The  orecision  of 
the  technique  for  recovery  of  path  water  abundance 
can  be  determined  from  the  ratio  curve  of  growth 
formula  as  <7„/w  -  (2/Byw)(<7j^/R) ,  where  a  /v  Is  the 
fractional  uncertainty  In  the  water  determination  and 
0[j/R  Is  the  fractional  uncertainty  In  the  ratio 
determination.  For  an  Instrumental  slgnal-to-nolse 
ratio  of  100  (1%  determination  of  radiance)  the  ratio 
Is  determined  to  2%.  Using  the  1125  nm  band  for 

which  B  -  0.92,  and  w  -  3  pr.  cm,  gives  o  -  0.07  pr. 
cm  or  a  fractional  uncertainty  of  2.4%.  The 


technique  thus  offers  the  definite  possibility  of 
Improvement  In  column  abundance  determinations  over 
mid- Infrared  or  microwave  recovery  techniques  (see 
Isaacs,  et  al.  (1986),  for  a  discussion  of  precision 
and  accuracy  of  these  methods) .  The  present  method 
Is  Influenced  by  atmospheric  scattering,  by 
atmospheric  temperature  structure,  and  by  the  surface 
(background)  reflectance.  Water  bands  In  vegetation 
and  In  standing  water  with  suspended  soil  load 
contribute  extra  apparent  atmospheric  moisture. 
These  bands  must  be  analyzed  Independently  using 
AVIRIS  radiances  outside  water  bands  of  atmospheric 
origin. 

Example  of  Water  Mapping  with  AVIRIS.  Conel  et  al. 
(  1988  )  analyzed  AVIRIS  Image  data  from  a  desert  site 
at  Mountain  Pass  In  eastern  California  SO  miles  (80 
km)  south  of  Las  Vegas,  Nevada,  using  the  940  nm 
atmospheric  water  band.  The  result  Is  shown  In 
Figure  2 ,  The  abundances  recovered  de.creased  sharply 
with  elevation  within  the  site,  which  varies  from 
2600  feet  (793  m)  to  6800  feet  (2073  m) .  Close 
agreement  (-10%)  was  obtained  between  column 
abundances  determined  by  the  AVIRIS  spectroscopic 
technique,  and  by  a  spectral  hygrometrlc  method  also 
employing  the  940  nm  water  band,  and  which  Is  (by 
proxy)  calibrated  against  vertically  Integrated  water 
abundances  obtained  from  radiosonde  data.  Direct 
comparison  of  the  AVIRIS  determined  and  radiosonde- 
measured  Is  also  planned. 

3.  INTERPRETATION  OF  AVIRIS-OENERATED 
ATMOSPHERIC  WATER  MAPS 

The  atmospheric  water  maps  generated  from  AVIRIS 
Imagery  represent  Instantaneous  views  of  the  spatial 
variation  of  total  column  water  abundance.  These 
distributions  represent  (1)  contributions  and  losses 
from  local  sources  and  sinks  of  water  at  the  surface, 
(2)  sources  and  sinks  In  the  atmosphere  Itself  by 
chemical  reactions ,  and  condensation  and  evaporation 
of  clouds,  and  adyectlon  of  water  vapor  by  winds 
across  vertical  surfaces  bounding  the  Image  area.  In 
the  following  section  we  discuss  possibilities  for 
separation  of  some  of  these  components  from  the 
Images  themselves,  utilizing  the  high  spatial  and 
spectral  resolution  aspects  of  the  data.  • 

Advectlon-dlf fusion  model  for  atmospheric 
distribution  over  changes  In  surface  conditions; 
concentration  and  flux  boundary  conditions.  What 
changes  in  atmospheric  moisture  distribution  are  to 
be  expected  as  a  partially  saturated  air  mass  moves 
from  a  uniform  dry  land  surface  over  a  water  surface 
and  back  over  dry  surface?  Brutsaert  (1982)  has 
provided  a  summary  of  previous  studies  of  this 
problem.  Here  we  will  exploit  a  simple  two- 
dimensional  steady  state  advectlon-diffuslon  model  of 
the  atmosphere  with  dynamically  uniform  conditions,  a 
source-  and  sink  free  atmosphere,  and  uniform  surface 
boundary  conditions  over  "wet"  and  "dry"  regions.  We 
illustrate  the  atmospheric  water  vapor  distributions 
expected  on  the  models  together  with  changes  in 
column  abundances  arising  from  discontinuities  at  the 
surface  separating  wet  and  dry  regions.  Three  types 
of  surface  boundary  conditions  are  possible  (Sutton, 
1953);  (1)  chose  representing  constant  specific 
humidity  at  the  surface  within  a  given  region,  (2) 
those  representing  constant  flux,  ,  and  a  linear 
combination  of  (1)  and  (2),  this  latter  being  similar 
to  the  linearized  radiation  condition  of  the  theory 
of  heat  conduction  (Carslaw  and  Jaeger,  1963).  The 
first  two  of  these  possibilities  will  be  discussed 
here,  and  comparisons  made  between  column  abundance 
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Figure  2.  (a)  AVIRIS  Image  of  Mountain  Pass  site.  Point  A  locates  atmospheric  measurement 
scaelon,  B,  playa  target  used  for  Inflight  radiometric  calibration  of  AVIRIS.  (b) 
generalized  topographic  map  of  site,  (c)  mep  of  preclpitable  water  distribution  doterrainod 
using  the  WO  nia  atmospheric  water  band  and  the  radiance  ratio  L(9A0)/L(870) .  Stippled 
region  CD  marks  possible  edge  of  water  vapor  tapered  against  topography.  For  details  see 
Conel  et  al.  (1988). 


(CA)  patterns  resulting  from  each  assumption. 
Condition  (1)  of  constant  specific  humidity  may  be 
identified  with  the  saturation  value  at  the  surface, 
which  depends  upon  surface  temperature  and  the  nature 
of  the  evaporating  liquid  (Sutton,  1953).  Condition 
(2)  specifies  the  local  rate  of  evaporation. 

The  two  dimensional  equation  of  continuity  for^ 
the  mean  specific  humidity  q  (in  gm  HoO/gm  moist  air) 
is 

-  i. 

where  the  +x-axls  is  horizontal  and  directed  to  the 
right,  parallel  to  the  ground  surface,  the  +z-axis 
vertical  upward,  normal  to  the  right.  The  y-axls  is 
perpendicular  to  the  x,z-plane.  u(z)  is  the  mean 
velocity  parallel  to  the  x-axis  in  cm/sec  positive  to 
the  right,  and  K„(z)  is  the  vapor  eddy  dlffuslvlty  in 
cm^'/scc  (ref.  3).  The  mean  wind  speed  and  vertical 
vapor  eddy  dlffusivity  can  be  represented  by 

u(z)  -  az“  (2) 


with  n  -  1  ■  ra.  For  uniform  vertical  conditions  in 
(2)  and  (3),  ra  -  n  -  0.  The  following  boundary 
conditions  are  adopted  to  describe  consequences  of 
changes  in  surface  conditions. 


q(x,z)  -♦  0 

q(0,z)  -  0 

q(x,0)  -  q 

q(x,0)  -  0 


X  -♦  ±  «, 

0  <  z  <  m 

0  <  X  <  L 

X  >  L 


Condition  (Aa)  determines  that  the  solution 
remains  finite  at  Infinity.  Condition  (4b) 
determines  that  the  water  vapor  concentration  on  x  - 
0  is  equal  to  zero,  i.e.,  that  no  water  enters  the 
region  via  transport  from  the  region  x  <  0  for  z  >  0. 
Conditions  (4c)  and  (4d)  describe  supply  of  moisture 
over  a  strip  of  width  L  extending  indefinitely  in  thq 
direction  ±y.  The  quantity  q^  is  the  equilibrium 

specific  humidity  of  water  vapor  that  is  in  contact 
with  the  surface  (water  body  or  land  surface)  at  a 
specified  temperature  T^. 


Alternatively, 


conditions  (4c)  and  (4d)  can  be 
conditions  on  boundary  fluxes,  namely. 


concentration  boundary 
I  can  be  replaced  by 


If  - 


0  <  X  <  L 


where  f^  is  in  gm  cm'^sec'^,  and  p  is  atmospheric 
density  in  gm  cm'  .  Condition  (5b)  states  that 
neither  supply  nor  deposition  occurs  over  the  surface 
specified. 
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The  solution  of  Equation  (1)  and  (2)  and  (3) 
subject  to  (4a)  -  (4d)  and  L  large  (Sutton's  problem 
for  a  large  wet  surface)  Is  (Brutsaert,  1982); 


For  the  flux  boundary  conditions  (5a)  and  (5b) , 


CA  -  (Fya)x  0  <  X  <  L 


(18) 


q/qo  "  1  -  !’(•'.?) 


and 


where  w  -  (l-n)/(2  +  m  -  n)  and 


F^a  X  >  L 


(19) 


.  _  _ a _  z  +  m  -  n 

b(2  +  m  -  n)^ 

PCw.O  Is  the  Incomplete  gamma  function.  If  the  wet 
region  has  fetch  L,  with  boundary  conditions  (4c)  and 
4d)  then 

q/q^  -  1  -  P(w,0  0  <  X  <  L.  z  >  0  (8) 

-  P(i/.f.^)  -  P(i/.f)  X  >  I.  (9) 

where  (  Is  given  by  Equation  7,  and 


«1 


2+m-n 

z _ 

(2+m-n)^(x-L) 


(10) 


For  the  case  ra  -  n  -  0,  l.e.,  uniform  velocity  and 
eddy  dlffuslvlty,  and  boundary  conditions  (4),  the 
solution  to  (1)  reduces  to: 


<'27(^/a)  ^  0  <  X  <  L  (11) 

and 


q/q^  -  erfc  (2y(bx/a)  ^  ^2./(b(x-L)/a) 

X  >  L 

where  erfc(x)  -  1  -  erf(x)  and  erf(x)  Is  the  error 
function. 


For  the  flux  boundary  conditions  (5a)  and  (5b) 
and  ra  -  n  -  0,  the  solution  for  the  distribution 
q(X|Z)  may  be  written  down  from  an  analogous  problem 
In  heat  conduction  (Carslaw  and  Jaeger,  1959); 

2F 

q  -  [y(bx/a)lerfc(27(bf7^))'  0  <  <  L  (U) 

and 


^  -  -TT  (y<Wa)lerfc(g^.^-^-^^) 

(16) 

-  ^lb(^-»')/a)lerfc(2y,b(^.L)/a))]  •  ^ 

and  lerfc(x)  Is  the  first  repeated  Integral  of  the 
error  function. 


The  column  abundance  CA  Is  defined  as 


CA 


,z)dz 


(15) 


and  may  be  evaluated  easily  for  the  distributions 
represented  by  (11)  and  (12)  and  (13)  and  (14). 

For  the  concentration  boundary  conditions  (4c) 
and  (4d) , 

CA  -  1.128qy(bx/a)  0  <  x  <  L  (16) 

and 

-  1.128q^  (/(bx/a)  -  y(b(x  -  L)/a))  (17) 

X  >  L 


The  solutions  (11)  and  (12)  and  (13)  and  (14) 
are  plotted  in  Figure  3  with  a  -  200  cm  sec"',  b  - 
10*  cm^  sec'*  and  width  L  of  the  the  wet  boundary 
along  the  wind  direction  equal  to  10  km.  The  column 
abundances  given  by  (16)  and  (17)  and  (18)  and  (19) 
are  also  depicted.  Variations  of  CA  with  horizontal 
distance  reflect  the  nature  of  these  conditions  and 
changes  therein  with  position.  The  fall-off  In 
concentration  CA  for  x  >  10  km  results  from  removal 
of  moisture  at  the  surface  to  maintain  q(x,0)  equal 


Figure  3.  Atmospheric  advection-diffuslon  model 
calculations  for  simple  changes  In  surface  boundary 
conditions.  (a)  step  function  in  surface  specific 
humidity,  (b)  step  function  in  surface  normal  flux. 
Top  curve  of  each  panel  is  water  vapor  col-i-sn 
abundance,  the  quantity  retrieved  from  band-ratio 
analysis  of  AVIRIS  radiance  data. 

to  zero.  The  condition  of  zero  normal  flux  for  x  > 
10  km  in  the  second  example  determines  that  the  flux 
CA  is  constant,  since  water  vapor  is  neither  added  to 
nor  extracted  from  the  atmosphere  in  this  region. 
Changes  in  CA  reflect  changes  in  surface  sources; 
this  would  be  expected  to  hold  for  transient  (i.e., 
9q/3t  0)  conditions  as  well. 

Isolation  of  surface  fluxes  from  averaging  water 
column  abundances  over  time.  An  alternative  means  of 
estimation  of  regional  land  surface  evaporation  or 
evapotranspiration  may  be  available  if  a  sufficiently 
long  scries  of  atmospheric  observations  is  available. 
Acquisition  of  a  suitable  series  may  not  be  feasible 
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with  AVIRIS,  but  an  improved  observational  situation 
can  be  visualized  for  HIRIS  and  MODIS  during  the 
operational  phase  of  the  Earth  Observing  System 
(Eos) .  Water  vapor  column  abundances  may  be  analyzed 
taking  into  account  the  characteristics  of 
atmospheric  dispersion  (Csanady,  1973;  Pasquill  and 
Smith  1983;  Pielke,  1984).  Consider  again  the 
simple  two-dimensional  case,  this  time  including  time 
dependence.  Following  Peixoto  (1973)  and  Peixoto  and 
Oort  (1983),  the  conservation  equation  for 
atmospheric  water  is 


where 


W 


q(x,z,t)dz 


(21) 


and 


(z)q(x,z,t)dz 


(22) 


Estimation  of  wind  speed  and  dispersion 
charactrlstlcs  in  the  water  vapor  boundary  layer. 
Modelling  requires  specification  of  wind  speed, 
diffusivities,  and  surface  parameters,  all  as 
functions  of  position  and  time.  Retrieval  of  wind 
speed  in  the  water  vapor  boundary  layer  may  be 
possible  by  analysis  of  time  varying  patterns  of 
column  abundance  distributions  mapped  in 
multitemporal  AVIRIS  data  sets.  The  use  of  water 
vapor  as  an  atmospheric  tracer  was  employed  by 
Klelnschmidt  (1959)  and  by  Danielsen  and  Reiter 
(1960).  Eloranta  et  al.  (1975)  used  lidar  to  measure 
motions  of  aerosol  density  Inhoraogenitles,  and  with 
cross-correlation  techniques  estimated  the  horizontal 
radial  wind  component  from  their  data.  Movement  of 
water  vapor  column  density  fluctuations  for 
estimation  of  bulk,  wind  speed  are  feasible  provided 
data  sets  closely  spaced  in  time  (  -  15  minute  are 
feasible  with  AVIRIS)  are  available.  In  the  case  of 
AVIRIS  a  measure  of  the  average  speed  .projected  onto 
a  plane  defined  by  the  AVIRIS  image  can  be  obtained. 

4.  SUMMARY 


The  right  hand  side  of  (20)  represents  the  net 
vertical  flux  of  moisture  at  the  lower  boundary  z  - 
0.  In  writing  (20)  it  has  also  been  assumed  that  the 
vertical  specific  humidity  gradient  Sq/Sz  -•  0  as  z  -♦ 

<0.  To  arrive  at  (20)  the  atmospheric  source  and  sink 
terms  of  Peixoto  and  Oort  (1983)  representing  the 
difference  between  evaporation  and  precipitation 
evaluated  at  the  surface,  have  been  expressed  in 
terms  of  a  net  flux  of  moisture  at  the  lower 
boundary.  This  is  the  term  of  interest  here. 
Observations  with  AVIRIS  from  high  altitude  provide 
U(x,t),  after  adjustment  for  the  double  pass  of  light 
through  the  atmosphere.  From  a  multitemporal  data 
set  a  value  of  8U/dt  may  be  obtained.  The 
interpretation  of  Q(x,t)  in  Equation  22  Is  more 
problematical  observationally  with  AVIRIS.  Lacking 
data  on  the  form  of  u(z) ,  which  will  in  general  be 
the  case,  it  is  still  possible  to  define  a  convection 
velocity  Ug  by 

q  -  Uc  rq(x,z.t)dz  -  U^W  (23) 

■*o 

For  a  continuous  source  and  steady  conditions  , 
without  phase  changes,  U^.  is  the  bulk  velocity  of  the 
material  at  x  (see  Csanady,  1973,  p.  119).  Probably 
the  best  that  can  be  achieved  with  AVIRIS,  without 
support  by  surface  or  other  data  on  winds,  is  to 
estimate  this  factor  from  changes  in  W(x,t)  with 
position  and  time  contained  in  the  data.  In  the 
absence  of  outside  (advected)  sources  of  moisture, 
the  surface  flux  f^  cof’.d  be  evaluated  numerically 
from  equation  (20)  us',,g  (23)  provided  were  known. 
Note  that  for  determination  of  the  flux  by  this 
approach,  evaluation  of  neither  K,,(0)  nor  aq/3z  -  0 
is  required. 

To  progress  with  extraction  of  the  surface  flux 
in  more  general  terms,  it  appears  necessary  to  resort 
to  time  and  space  averaging.  Denoting  time  averages 
by  overbars  and  space  averages  by  <  >,  gives  for (20), 

<24) 

where  Q  -  U^W.  Except  for  short  times  associated 
with  severe  storms,  <dV/dt>  is  very  small  compared  to 
the  other  terms  (Peixoto  and  Oort,  1983,  p.  9).  Thus 
<Tq>  can  be  evaluated  from  suitable  regional  averages 
of  Q. 


Ue  report  observations  of  the  spatial  variation 
of  atmospheric  precipitable  water  using  the  Airborne 
Visible/Infrared  Imaging  Spectrometer  (AVIRIS) ,  450- 
2500  nm  spectral  range,  10  nm  spectral  sampling 
interval,  20  m  ground  resolution)  over  the  Mountain 
Pass  area  in  eastern  California,  maps  are  generated 
using  a  band  ratio  method  and  the  940  atmospheric 
water  band  and  870  nm  continuum  radiances.  The 
ratios  yield  total  path  precipitable  water  from 
curves  of  growth,  supplied  by  the  LOMTRAN  7 
atmospheric  model,  and  include  multiple  scattering 
contributions.  An  independent  validation  of  the 
AVIRIS-derivcd  water  column  abundance  is  supplied 
through  atmospheric  optical  depth  measurements  at  940 
nm  and  by  measurements  with  a  ratioing  spectral 
hygrometer  that  uses  the  940  nm  band  and  870  nm 
continuum  radiances.  The  spectral  hygrometer  is  used 
as  a  proxy  instrument  to  connect  with  a  radiosonde 
scale  of  vertical  atmospheric  moisture  distribution. 
Agreement  to  within  about  10%  is  found  between  the 
spectroscopic  (LOWTRAN  7)  and  radiosonde 
determinations.  The  precision  of  recovery  of  column 
abundances  is  superior  to  that  provided  by  presently 
operational  infrared  and  microwave  sounding 
techniques.  The  atmospheric  water  values  found  at 
Mountain  Pass  conform  to  topography,  and  the  amount 
of  precipitable  water  decreases  with  elevation.  The 
edge  of  the  water  vapor  boundary  layer  appears  to  be 
present,  truncated  against  the  topography. 

Regional  evaporation  and  evnpotranspiration  are 
difficult  to  estimate  observationally.  The 
availability  of  maps  of  the  column  water  abundance, 
and  in  multitemporal  experiments  the  changes  in 
abundances  with  posiclon  and  time,  suggest  the 
possibility  of  recovering  local  bulk  convective 
velocities  of  transport  and  values  for  the  eddy 
diffusion  coefficient  in  the  water  vapor  boundary 
layer.  With  suitable  time  and  space  averaging  of 
such  observations  the  surface  evaporative  or 
evapotranspirative  flux  may  be  recoverable  by  an 
application  of  the  equation  of  continuity  for  water 
vapor  in  the  atmosphere.  The  high  spatial  resolution 
of  AVIRIS  data  (20  m)  offers  the  possibility  of 
detailed  examination  of  local  evaporative  and 
evapotranspirative  sources  and  thereby  the  potential 
foL  separation  in  the  imagery  of  externally-derived 
(l.e.,  advected)  versus  locally-derived  (i.e. 
evaporative)  sources  of  atmospheric  water. 
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ABSTRACT 

High  spatial  resolution  column  atmospheric  water  vapor 
amounts  were  derived  from  spectral  data  collected  by  the 
Airborne  Visible  Infrared  Imaging  Spectrometer  (AVIRIS).  The 
quantitative  derivation  is  made  by  curve  fitting  observed 
spectra  with  calculated  spectra  in  the  1.14  pm  and  0.94  pm  water 
vapor  band  absorption  regions  with  a  non-linear  least  squares 
technique.  The  precision  of  the  retrieved  column  water  vapor 
amounts  is  approximately  5%.  The  derived  column  water 
vapor  amounts  are  independent  of  the  absolute  surface 
reflectance.  Curve  fitting  of  spectra  near  1  pm  from  areas 
covered  with  vegetation  indicates  that  both  the  amount  of 
atmospheric  water  vapor  and  the  moisture  content  of 
vegetation  can  be  retrieved  simultaneously.  It  now  appears 
feasible  to  derive  high  spatial  resolution  column  water  vapor 
amounts  over  land  areas  from  satellite  altitude  with  the 
proposed  High  Resolution  Imaging  Spectrometer  (HIRIS)  and 
possibly  with  the  proposed  Moderate  Resolution  Imaging 
Spectrometer  (MODIS). 

Key  Words:  Column  water  vapor,  AVIRIS,  HIRIS, 

Imaging  Spectrometry 

INTRODUCTION  t 

High  spatial  resolution,  column  water  vapor  amount  can  be 
useful  in  the  studying  of  the  rate  of  energy  exchange  between 
the  earth's  surface  and  the  atmosphere  and  self-calibration  of 
imaging  spectrometer  radiance  measurements.  In  this  paper, 
the  integrated  water  vapor  content  from  ground  to  space  in  a 
vertical  path  is  defined  as  the  column  water  vapor  amount  in 
units  of  cm. 

We  propose  a  method  for  quantitative  retrievals  of  high 
spatial  resolution  column  atmospheric  water  vapor  from 
spectra  obtained  with  the  Airborne  Visible  Infrared  Imaging 
Spectrometer  (AVIRIS)  (Vane,  1987)  over  land  areas  on  clear 
days.  The  method  consists  of  curve  fitting  observed  spectra  with 
simulated  spectra  in  the  1.14  pm  or  the  0.94  pm  water  vapor 
band  absorption  region.  The  derived  water  vapor  values  can  be 
used  to  remove  other  water  vapor  absorption  bands  in  the  0.4- 
2.5  pm  region. 

REMOTE  SENSING  OF  ATMOSPHERIC  WATER  VAPOR 

Atmospheric  water  vapor  profiles  and  column  amounts  are 
obtained  from  orbit  by  measurement  of  atmospheric  emission 
in  the  6-12  pm  infrared  region  or  near  22.2  pHz  in  the 
microwave  region.  Examples  are  the  H1RS2  (High  Resolution 
Infrared  Sounder)  and  MSU  (Microwave  Sounding  Unit) 
onboard  TIROS-N  (Susskind,  et  a!.,  1984).  Experience  has 
shown  that,  below  the  500  mb  level,  water  vapor  profiles 


derived  from  IR  emission  spectra  have  large  uncertainties 
because  of  the  contributions  to  the  observed  radiance  from  the 
surface  and  because  of  the  insensitivity  of  the  radiance  to 
changes  in  humidity.  The  HIRS2  column  water  vapor 
measurement  accuracies  over  land  are  only  ±25%  (Reuter  et  al., 
1988)  while  microwave  measurements  are  even  less  accurate. 

IMAGING  SPECTROMETRY 

Imaging  spectrometers  are  being  developed  for  remote 
sensing  of  the  land  and  coastal  waters  (Goetz  et  al.,  1985).  In  the 
mid-l^s,  NASA  expects  to  carry,  among  others,  two  imaging 
spectrometers,  the  Moderate  Resolution  Imaging  Spectrometer 
(MODIS)  (Solomonson  et  al.,  1989)  and  the  High  Resolution 
Imaging  Spectrometer  (HIRIS)  (Goetz  and  Herring,  1989)  aboard 
the  Earth  Observing  System  (EOS)  Polar  Platform  (Butler  et  al., 
1987).  The  precursor  to  HIRIS  now  under  development  is  the 
Airborne  Visible/Infrared  Imaging  Spectrometer  (AVIRIS) 
(Vane,  1987).  This  instrument  images  the  earth's  surface  in  224 
spectral  bands  approximately  10  nm  wide,  covering  the  region 
0.4-2.5  pm,  from  an  ERS-2  airaaft  at  an  altitude  of  20  km.  The 
ground  instantaneous  field  of  view  (GIFOV)  is  20  x  20  meters. 
Figure  1  shows  an  example  of  an  AVIRIS  spectrum.  The  main 
water  vapor  absorption  features  centered  at  approximately  0.94, 
1.14,  1.4  and  1.9  pm  are  clearly  visible.  These  water  vapor 
features  provide  the  opportunity  for  derivation  of  high  spatial 
resolution  column  water  vapor  from  AVIRIS  spectra. 

PRINCIPLES  FOR  RETRIEVAL  OF  COLUMN  WATER 
VAPOR  AND  MOISTURE  CONTENT  OF 
VEGETATION  FROM  AVIRIS  SPECTRA 
According  to  Esalas  et  al.,  (1986),  in  simplified  form,  the 
radiance  at  a  downward  looking  aircraft  sensor  can  be  written  as 

iScn..r(A)  =  Ls.n(A)  T^X)  /1(A)  +  Lpa.s(A),  (1) 

where  A  is  the  wavelength,  Lscnjor  (A)  is  the  radiance  at  the 
imaging  spectrometer,  Lsun(A)  is  the  solar  radiance  above  the 
atmosphere,  T(A)  is  the  total  atmospheric  transmittance,  which 
is  equal  to  the  product  of  the  atmospheric  transmittance  from 
the  sun  to  the  earth's  surface  and  that  from  the  surface  to  the 
aircraft,  R(A)  is  the  surface  reflectance  at  the  observational 
geometry,  and  Lp,ih(A)  is  the  path  scattered  radiance,  including 
effects  of  single  scattering  and  multiple  scattering.  All  these 
must  be  taken  into  account  in  order  to  derive  the  atmospheric 
water  vapor  amount. 

The  Choice  of  Water  Vapor  Bands  to  Be  Fitted 

In  order  to  derive  the  column  water  vapor  with  high 
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precision  from  a  water  vapor  absorption  band  in  a  measured 
spectrum,  the  transmittances  of  the  band  must  be  sensitive  to 
the  change  in  the  number  of  water  vapor  molecules  in  the  line 
of  sight.  The  monthly  means  of  column  water  vapor  in 
different  parts  of  the  United  States  typically  range  between  0  5 
and  43  cm  (Iqbal,  1983)  Figure  2  shows  calculated  atmospheric 
water  vapor  transmittance  spectra  between  0  6  and  2.8  pm  for 
water  vapor  amounts  of  0.63, 1.3,  2.5  and  5.0  cm  in  the  tine  of 
sight  These  transmittance  spectra  have  a  spectral  resolution  of 
approximately  20  nm.  The  spectra  were  calculated  with  a 
spectral  band  model  described  below.  These  curves  indicate  that, 
for  the  typical  atmospheric  conditions,  the  0.94  and  1.14  pm 
bands  are  sensitive  to  the  changes  in  the  amount  of  water 
vapor,  while  the  1.4  and  19  pm  bands  are  relatively  Insensitive 
to  water  vapor  amount  changes.  The  other  bands  centered  at 
about  0.72,  0.82  and  2  18  pm  are  too  weak  to  allow  accurate 
retrieval  of  column  water  vapor  from  measured  spectra.  The 
water  vapor  transmittances  (not  including  continuous 
absorptions)  in  narrow  spectral  regions  near  0.86,  1.04  and  1.24 
pm  are  greater  than  99%.  These  regions  are  often  referred  to  as 
the  "atmospheric  windows." 

A  Band  Model  for  Atmospheric  Caseous  Absorption 

In  order  to  derive  column  water  vapor  amounts  from 
AVIRIS  spectra,  it  is  necessary  to  compare  calculated 
atmospheric  spectra  with  observed  spectra.  The  calculation 
requires  both  spectral  absorption  and  atmospheric  models. 

Each  AVIRIS  image  contains  approximately  250,000  spectra, 
necessitating  a  fast  algorithm  for  efficient  data  analysis.  A 
narrow-band  spectral  absorption  model  approach  is  most 
appropriate  for  this  purpose.  The  Malkmus  (1967)  model  is  used 
in  our  spectral  calculations.  The  band  parameters  are  calculated 
from  the  spectral  line  parameters  compiled  in  the  HITRAN 
Data  Base  (Rothman  et  al.,  1987).  An  extension  of  the  Curtis- 
Godson  scaling  approximation  (Rodgers  and  Walshaw,  1965)  is 
used  to  take  account  of  the  pressure  and  temperature  variations 
along  a  typical  atmospheric  path. 

The  Reflectances  of  Soil.  Rocks,  and  Vegetation 

Changes  in  surface  spectral  reflectance  within  a  water  vapor 
absorption  band  will  affect  the  retrieval  accuracy.  Surface 
reflectances  of  many  natural  targets  in  the  visibie  and  near 
infrared  regions  have  been  compiied  by  Bowker  et  al.  (1985). 
The  reflectance  curves  of  soil  and  rocks  have  the  common 
characteristic  that  the  reflectances  vary  nearly  linearly  with 
wavelength  in  the  0.94  pm  and  the  1.14  pm  water  vapor  band 
absorption  region  This  property  allows  the  quantitative 
derivation  of  column  water  vapor  from  an  AVIRIS  spectrum 
over  soil  or  rocks,  as  discussed  below.  The  reflectance  spectrum 
of  vegetation  exhibits  weak  liquid  water  absorption  features 
centered  at  approximately  1  0  and  1.2  pm  The  centers  of  the 
liquid  water  bands  are  shifted  approximately  0.06  pm  to  longer 
wavelengths  of  the  corresponding  water  vapor  band  centers. 
These  shifts  allow  the  simultaneous  retrievals  of  column 
atmospheric  water  vapor  amounts  and  the  moisture  contents  of 
vegetation  from  AVIRIS  spectra  over  vegetated  areas,  as 
described  below. 

Column  Water  Vapor  Retrievals  from  AVIRIS  Spectra 
over  Non-  Vegetated  Areas  Ignoring  Scattering 

If  atmospheric  scattering  near  1  pm  is  neglected,  the  column 
water  vapor  amount  over  a  non-vegetated  area  can  be  derived 
according  to  the  principles  described  below. 

The  solid  line  in  the  top  plot  of  Figure  3  shows  a  portion  of  a 
ratioed  AVIRIS  spectrum  measured  over  Cuprite,  NV  against  a 
solar  radiance  curve  above  the  atmosphere.  Neglecting 
scattering  and  based  on  the  above  discussions  on  surface 
reflectances  and  atmospheric  transmittances,  we  may  assume 
the  1.04  and  1.24  pm  regions  correspond  to  the  100% 


atmospheric  gaseous  transmission  levels,  and  we  may  assume 
that  the  100%  transmission  levels  between  these  two  windows 
can  be  joined  with  a  straight  line.  These  assumptions  imply  that 
the  absolute  surface  reflectances  and  radiance  values  are  not 
required  to  derive  column  water  vapor  amounts  from  AVIRIS 
spectra.  Only  a  relative  band-to-band  calibration  of  AVIRIS  data 
over  the  wavelength  region  used  is  required.  Curve  fitting  the 
ratioed  spectrum  with  a  simulated  atmospheric  gaseous 
transmission  spectrum  with  appropriate  atmospheric  and 
spectral  models  yields  the  quantitative  amount  of  water  vapor 
in  the  line  of  sight.  This  line  of  sight  amount  can  then  be 
converted  to  the  vertical  column  amounts  based  on  the 
observational  geometry. 

The  non-linear  least  squares  curve  fitting  technique 
described  by  Russell  et  al.  (1988)  is  used  in  our  retrievals.  The 
dotted  tine  in  top  plot  of  Figure  3  is  the  best  fit  to  the  ratioed 
spectrum.  The  residuals  (observed/calculated)  expressed  as  a 
percentage  of  the  100%  transmission  levels  are  shown  in  the 
bottom  plot  of  Figure  3.  These  residuals  have  an  rms  of 
approximately  5%. 


,  Column  Water  Vapor  and  Equivalent  Liquid  Water 
Thickness  Retrievals  from  AVIRIS  Spectra  over 
Vegetated  Areas.  Ignoring  Scattering 

The  top  plot  of  Figure  4  shows  an  example  of  AVIRIS 
radiances  over  vegetation  divided  by  solar  radiances  above  the 
atmosphere.  The  liquid  water  absorption  features  are  not 
discemable  in  the  spectrum  dominated  by  the  0.94  and  1.14  pm 
atmospheric  water  vapor  bands.  The  bottom  plot  of  Figure  4 
shows  the  radiances  over  the  same  vegetated  are’,  but  divided 
by  the  radiances  from  a  nearby  airport  p.’r  .^ay  havtii^,  nearly 
constant  spectral  reflectance  around  1.0  pm.  TTie  liquid  water 
absorption  features  near  1.0  and  1.2  pm  along  with  the  relative 
shifts  of  band  centers  are  clearly  seen. 

We  have  assumed  that  the  vegetational  liquid  water 
absorption  features  between  0.8  and  1.4  pm  can  be  described  by 
the  absorption  of  an  equivalent  amount  of  liquid  water.  The 
calculation  of  transmittances  is  made  by  using  the  liquid  water 
absorption  coefficients  compiled  by  Palmer  and  Williams  (1974). 
By  modeling  the  shape  of  the  vegetation  spectra  with  the 
atmospheric  band  model  and  the  liquid  water  absorption 
model,  both  the  water  vapor  amount  and  the  equivalent  liquid 
water  thickness  can  be  derived. 

Path  Radiance 

Typically,  the  atmospheric  aerosols  are  mostly  concentrated 
in  the  lower  1-2  km  of  the  atmosphere,  as  are  the  water  vapor 
molecules.  Near  1.0  pm  the  Rayleigh  scattering  is  negligible  and 
the  main  contribution  to  the  path  radiance  is  the  scattering  by 
aerosols.  When  the  aerosol  concentrations  are  small  (visibilities 
of  20  km  or  greater),  the  scattered  radiation  near  1.0  pm  is 
typically  of  the  order  of  a  tenth  of  the  direct  reflected  solar 
radiation  (Iqbal,  1983). 

We  have  found  that  AVIRIS  spectra  measured  over  bodies 
of  water  on  clear  days  show  the  0.94  and  1.14  pm  atmospheric 
water  vapor  band  absorption  features.  The  radiation  near  1  pm 
over  water  did  not  result  from  any  radiation  emerging  from 
beneath  the  water  surface,  because  any  solar  radiation  at  this 
wavelength  is  completely  absorbed,  but  rather  from 
atmospheric  scattering.  Sunglint  may  also  contribute  to  the 
observed  radiances.  The  water  vapor  absorption  features  in 
spectra  from  the  water  areas  are  attributed  to  aerosol  scattering 
along  with  water  vapor  absorption  within  the  lower  few 
kilometers  of  the  troposphere. 

Comparisons  of  spectra  over  the  water  areas  and  over  the 
nearby  solid  surface  areas  show  that  the  shapes  of  both  sets  of 
spectra  in  the  0.94  and  1.14  pm  water  vapor  band  absorption 
regions  are  similar.  Therefore,  to  a  first  order  approximation. 
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the  path  scattered  radiation  near  1  pm  can  be  treated  as  a 
fraction  of  direct  reflected  radiation.  This  means  that  when-  the 
aerosol  concentration  is  small,  column  water  vapor  and 
equivalent  liquid  water  thickness  can  still  be  obtained  with  the 
simple  absorption  models  described  above. 

RESULTS 

In  order  to  test  the  ability  to  derive  column  water  vapor  and 
equivalent  liquid  water  thickness  of  vegetation  from  AVIRIS 
spectra  with  our  spectral  curve  fitting  technique,  retrievals  were 
made  from  data  collected  over  several  sites.  Results  retrieved 
from  data  measured  over  the  Cuprite  mining  dlstrict-in 
southwest  Nevada,  Moffett  Field  near  San  Francisco  Bay  In 
California,  and  Rogers  Dry  I.ake  are  described  belw. 

Retrievals  over  the  first  two  sites  are  made  by  curve  fitting 
of  the  1.14  pm  water  vapor  band  in  4-by-4  pixel  averaged 
spectra,  and  retrievals  over  Rogers  Dry  Lake  are  njade,by  curve - 
fitting  both  the  1.14  pm  and  the  0.94  pm  water  vapor” bands  in 
averaged  spectra.  During  the  1987  AVIRIS  measurements  oyer 
Cuprite  and  Moffett  Field  there  were  no  simultaneous 
measurements  of  atmospheric  temperature,  pressure  and  water 
vapor  VMR  profiles.  Column  atmospheric  water  vapor 
amounts  over  these  sites  were  retrieved  with  the  “mid-latitude 
summer"  atmospheric  model  in  LOWTRAN  6  (Kneizys  et  al., 
1983).  During  the  two  1988  AVIRIS  measurements  over  Rogers 
Dry  Lake,  rawinsonde  measurements  of  atmospheric 
temperature,  pressure  and  water  vapor  VMR  profiles  were 
available.  Column  atmospheric  water  vapor  amounts  from  the 
Rogers  Dry  Lake  spectra  were  retrieved  with  the  atmospheric 
profiles  of  the  rawinsonde  measurements  and  also  with  the 
"mid-atitude  summer"  model  of  LOWTRAN  6. 

Curarite.  Nevada  ' 

The  surface  reflectances  within  the  AVIRIS  scene  over 
Cuprite  vary  by  more  than  a  factor  of  2.  Figure  5a  shows  an 
image  of  the  site.  The  bright  regions  represent  areas  with  high 
reflectances  at  1.037  pm  the  maximum  being  approximately  0.6. 
The  dark  regions  represent  areas  with  low  reflectances  at  1.037 
pm  the  minimum  being  approximately  0.25.  Within  the  scene, 
there  is  less  than  5%  surface  vegetation  cover.  More  than  85% 
of  the  areas  within  the  scene  have  less  than  150  meters  of  relief. 
There  are  no  sources  of  water  vapor  within  the  scene  or  in  the 
nearby  areas.  Therefore,  it  was  assumed  that  the  water  vapor 
distribution  within  the  scene  was  horizontally  homogeneous. 
The  purpose  for  choosing  the  Cuprite  site  was  to  test  the  ability 
to  derive  column  water  vapor  from  surfaces  with  very  different 
albedos. 

The  mean  of  the  column  water  vapor  amounts  over  the 
entire  scene  is  0.97  cm,  and  the  standard  deviation  4.8%.  An 
image  processed  from  column  water  vapor  values  over  the  site 
is  shown  in  Figure  5b.  In  the  vicinities  of  major  reflectance 
contrast,  the  derived  column  water  values  remain 
approximately  the  same.  This  demonstrates  that  the  derived 
column  water  vapor  values  are  relatively  insensitive  to  the 
absolute  surface  reflectance  values. 

A  topographic  map  of  the  scene  is  shown  in  Figure  5c.  The 
small  variations  in  column  water  vapor  values  over  the  scene 
are'  related  to  the  surface  topography  rather  than  to  the  surface 
albedo  differences. 

Moffett  Field.  California 

The  AVIRIS  scene  over  Moffett  Field  contains  areas  with 
bodies  of  water,  an  airport  runway,  and  vegetation.  The 
column  water  vapor  amounts  derived  from  spectra  over 
vegetated  areas  are  approximately  equal  to  those  derived  from 
vegetation-free  areas.  The  retrieved  equivalent  liquid  water 
thicknesses  of  vegetation  over  different  vegetated  areas  within 
the  scene  range  from  0.05  to  0.3  cm. 


Rogers  Dry  Lake.  California 

As  mentioned  earlier,  two  sets  of  AVIRIS  data  were 
collected  over  Rogers  Dry  Lake.  Because  the  retrievals  from 
both  sets  are  similar,  only  the  retrievals  from  the  data 
measured  on  August  31,  1988  are  described  below. 

The  variation  of  surface  elevation  over  the  entire  scene  is 
less  than  50  meters.  Column  water  vapor  values  were  derived 
by  curve  fitting  the  0.94  pm  band  absorption  feature  and  the  1.14 
pm  band  absorption  feature,  respectively,  by  using  the 
atmospheric  temperature,  pressure  and  water  vapor  VMR 
profiles  measured  from  a  rawinsonde  that  was  released 
approximately  one  hour  prior  to  the  AVIRIS  overflight.  The 
mean  column  water  vapor  values  of  2.796  cm  ±3.06%,  and 
2.773  cm  ±3.30%,  agree  very  well  with  the  2.8  cm  of  integrated 
column  water  vapor  from  the  rawinsonde  measurement.  The 
good  agreement  may  be  fortuitous  since  scattering  is  not 
included  in  our  calculations  and  calculated  transmittances  with 
the  Malkmus-band  model  are  slightly  dependent  on  the  widths 
of  the  model  parameters  (J.  Kiehl,  private  communication). 
Neverthess,  the  good  agreement  is  encouraging.  Similar 
retrievals  were  also  made  by  using  the  "Mid-  Lititude  Summer 
Model."  The  mean  difference  in  column  water  vapor  values 
derived  with  the  two  atmospheric  models  is  1.1%. 

MODEL  SENSmvmES 

The  precision  of  the  retrieved  column  water  vapor  amounts 
described  above  are  controlled  by  the  finite  signal-to-noise  ratio 
of  th'^  AVIRIS  spectra  and  by  the  errors  in  the  assumption  of 
linear  surface  reflectances  with  wavelength  in  the  water  vapor 
band  absorption  regions.  In  addition  to  these,  the  accuracy  of 
column  water  retrievals  are  affected  by  other  factors,  including 
errors  in  assumed  atmospheric  temperature,  .pressure  and 
water  vapor  volume  mixing  ratio  profiles,  knowledge  of  the 
surface  elevation  at  a  GIFOV  of  20  m,  and  errors  in  the 
instrument  resolution.  These  errors  have  been  investigated 
and  their  cumulative  contributions  to  errors  in  retrieved 
column  water  vapor  amounts  are  estimated  to  be  less  than  5%. 

SUMMARY  AND  CONCLUSIONS 

We  have  developed  a  method  for  the  quantitative 
derivation,  at  high  spatial  resolution,  of  column  atmospheric 
water  vapor  amounts  from  imaging  spectrometer 
measurements  of  reflected  solar  radiation  on  clear  days  and 
when  the  atmospheric  aerosol  concentrations  are  small.  The 
method  makes  use  of  the  facts  that;  0)  the  reflectances  of  many 
ground  targets  vary  approximately  linearly  with  wavelength  in 
the  0.94  and  1.14  pm  water  vapor  band  absorption  regions,  (2) 
the  scattered  radiation  near  1  pm  is  small  compared  to  the 
direct  reflected  radiation  when  the  atmospheric  aerosol 
concentrations  are  small,  and  (3)  the  scattered  radiation  also 
contains  the  water  vapor  absorption  features  because  both 
scattering  and  absorption  processes  occur  within  the 
troposphere.  The  quantitative  derivation  of  column  water 
vapor  amounts  is  made  by  curve  fitting  of  observed  spectra 
with  calculated  spectra  in  the  1.14  and  0.94  pm  water  vapor 
band  absorption  regions  with  an  atmospheric  model,  a  narrow- 
band  spectral  model,  and  a  non-linear  least  squares  fitting 
technique. 

The  precision  of  the  derived  column  water  vapor  amounts 
from  sets  of  AVIRIS  data  is  about  5%  rms.  The  retrieved 
column  water  vapor  amounts  are  independent  of  the  surface 
reflectance.  Therefore,  the  absolute  surface  reflectances  and 
•  radiance  values  are  not  required  for  column  water  vapor 
retrievals  when  the  concentrations  of  atmospheric  aerosols  are 
-low. 

Our  method  for  column  water  vapor  retrievals  is  expected 
to  be  valid  for  typical  atmospheric  conditions  with  visibilities  of 
20  km,  or  greater.  This  method  is  not  directly  applicable  to 
situations  when  the  atmospheric  aerosol  concentrations  are 
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high,  particularly  when  large  amounts  of  stratospheric  aerosols 
are  present. 

Simultaneous  retrievals  of  column  atmospheric  water 
vapor  amounts  and  the  equivalent  liquid  water  thicknesses  of 
surface  vegetation  have  also  been  made.  The  derived  column 
water  vapor  amounts  from  spectra  over  vegetation  agree  with 
those  derived  from  spectra  over  non-vegetated  areas.  The 
derived  equivalent  liquid  water  thicknesses  is  related  to  the 
number  of  liquid  water  molecules  that  interacted  with  the 
incident  solar  radiation,  and  therefore  related  to  the  moisture 
content  of  vegetation. 

Because  the  observational  nadir  angle  and  the  solar  zenith 
anj^le  are  not  zero,  a  spatial  smearing  effect  is  present  in  our 
derived  column  water  vapor  amounts.  The  magnitude  of  the 
spatial  smearing  is  estimated  to  be  500  meters  or  greater  and 
depends  on  the  three  dimensional  water  vapor  distribution  and 
on  the  solar  and  observational  geometry.  If  over  a  few 
kilometer  range  the  water  vapor  distribution  is  nearly  uniform 
horizontally,  the  smearing  effect  is  irrelevant. 
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Figure  1  Spectrum  from  single  AVIRIS  pixel  (from  Vane, 
1987). 


Figure  2  Vertical  atmospheric  transmittance  vs  wavelength 
at  different  water  vapor  amounts.  The  four  curves 
from  the  top  to  the  bottom  correspond  to  column 
water  vapor  amounts  of  0.63,  1.3,  2.5  and  5.0  cm. 
The  calculations  were  made  by  using  the  spectral 
model  described  in  Section  4.3  and  the  Tropical 
Model  of  LOWTRAN6  (Kneizys,  et  al.,  1983). 
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Figures  An  example  of  curve  fitting  of  spectra  measured 
over  a  vegetation-free  surface.  The  top  plot  shows 
the  observed  spectrum  (solid  line)  and  the  fitted 
spectrum  (dashed  line).  TTie  bottom  plot  shows  the 
percent  differences  between  the  observed  and  the 
fitted  spectra. 


Figure  4  An  AVIRIS  spectrum  of  vegetation  divided  by  the 
solar  spectrum  above  the  atmosphere  (top  plot), 
and  the  same  AVIRIS  spectrum  of  vegetation 
divided  by  a  spectrum  of  an  airport  runway 
(bottom  plot).  The  two  features  centered  at 
approximately  at  1.0  and  1.20  pm  in  the  bottom  plot 
are  the  absorption  features  of  liquid  water  in 
vegetation. 
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Figure  5  Column  water  vapor  retrievals  from  AVIRIS  data 
measured  over  Cuprite,  NV  on  June  25,  1987.  (a) 
an  image  of  the  scene  processed  from  radiances  of 
one  channel  centered  at  1.037  pm;  (b)  a  column 
water  vapor  image  over  the  scene  retrieved  by 
curve  fitting  the  1.14  pm  water  vapor  band 
absorption  region;  and  (c)  a  topographic  map  of  the 
scene.  The  elevations  in  (c)  are  in  units  of  feet. 
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ABSTRACT 

Monthly  fields  of  shortwave  radiation  (SR)  and  latent  heat  flux  (LE) 
over  the  central  and  eastern  tropical  Pacific  between  1980  and  1983 
have  been  computed  using  satellite  data.  They  are  the  dominant 
variable  components  of  surhice  thermal  forcing  on  the  ocean  in  this 
time  scale.  During  the  1982-1983  El  Nino  Southern  Oscillation 
episode,  surface  wind  convergence  and  cloudiness  associated  with 
the  displacement  of  equatorial  organized  convection  caused  a 
reduction  in  both  the  SR  into  the  ocean  and  the  LE  out  of  the  ocean. 
The  lag  correlation  coefficients  between  the  forcing  (SR-LE)  and  the 
sea  surface  temperature  is  found  to  be  significantly  high  outside  the 
equatorial  region,  showing  that  surface  thermal  forcing  is  the 
dominant  factor  in  sea  surface  temperature  change.  In  the  narrow 
equatorial  wave  guide,  ocean  dynamics  play  a  more  important  role, 
and  surface  heat  flux  is  a  cons^uence  rather  than  the  cause  of  sea 
surface  temperature  change. 

Key  Words:  Oceanography,  Air-sea  Interaction,  Climate,  Remote¬ 
sensing 

1,  INTRODUCTION 

One  of  the  most  prominent  climatic  signals  with  time  scales  from  a 
few  month  to  a  few  years  is  the  El  Nino  Southern  Oscillation 
(ENSO).  It  is  manifested  by  the  ocean  surface  warming  in  the 
central  and  eastern  equatorial  Pacific.  Understanding  the  interannual 
variability  of  sea  surface  temperature'  in  the  tropical  ocean  is  a  major 
objective  of  the  decade  long  Tropical  Ocean  and  Global  Atmosphere 
(TOGA)  program.  The  role  of  surface  thermal  forcing  on  upper 
ocean  heat  balance  and  circulation  is  poorly  known.  In  the  past,  the 
forcing  was  derived  from  meteorological  reports  from  merchants 
ships  and  fishing  vessels  whose  distribution  is  inadequate  to 
describe  ENSO  variability.  Satellite  sensors  have  the  potential  of 
providing  repeated  and  uniform  coverage.  Shortwave  radiation 
(SR)  and  latent  heat  flux  (LE)  are  the  dominant  variable  components 
of  surface  thermal  forcing  on  the  tropical  Pacific  in  these  time  scales. 
The  TOGA  Heat  Exchange  Project  (THEP)  is  a  research  effort 
initiated  to  derive  SR  and  LE  using  a  combination  of  satellite  data 
(Liu  and  Niiler,  1985),  and  this  study  is  part  of  the  effort. 

2.  LATENT  HEAT  FLUX 

Of  the  three  parameters  required  to  compute  LE,  satellite  sensors  can 
measure  sea  surface  temperature  (Tj)  and  surface  wind  speed  (U), 
but  cannot  measure  surface  humidity  (Q).  It  was  found  that  at  the 
monthly  time  scale,  atmospheric  water  has  a  single  dominant  mode 
of  variability  and  Q  can  be  derived  from  the  columnar  water  vapor 
(W)  measured  by  microwave  radiometers.  A  stadslical  Q-W  relation 
was  established  using  17  years  of  radiosonde  reports  from  mid¬ 
ocean  meteorological  stations  (Liu,  1986).  This  relation  was  found 


to  be  adequate  in  describing  the  seasonal  and  interannual  variations 
over  global  oceans  except  in  high  latitudes  during  summer,  with 
accuracy  estimated  to  be  0.4-0.8  g/kg.  With  this  relation,  monthly 
iTelds  of  LE  from  1980  to  1983  in  the  tropical  Pacific  were 
computed  using  data  from  SMMR  (Scanning  Multichannel 
Microwave  Radiometer)  on  Nimbus-7.  In  comparison  with  rnonthly 
data  from  equatorial  moorings  and  atolls,  the  scatters  were  found  to 
be  0.6  m/s  in  U,  0.8'‘C  in  T,  and  0.4  g/kg  in  Q.  The  random  error 
in  LE  is  estimate  to  be  26  W/m2  (Liu,  1988). 

3.  .SHORTWAVE  RADIATION 

The  annual  and  intetannual  variabilities  of  SR  depends  largely  on  the 
variability  of  cloud-cover.  The  technique  for  computing  SR 
developed  by  Gautier  et  al.  (1980)  capitalizes  on  the  high  repetition 
and  high  spatial  resolution  of  VISSR  (Visible  Infrared  Spin  Scan 
Radiometer)  on  geostationary  satellite  to  monitor  cloud  changes.  In 
this  study,  the  radiance  observed  by  VISSR  on  GOES-W  was  first 
calibrated  against  a  standard  target  on  Earth  (White  Sands).  Surface 
shortwave  radiation  is  then  computed  by  inverting  radiation  transfer 
equations  separately  for  cloudy  and  clear  pbrels.  The  SR  computed 
has  been  compared  with  in  situ  measurements  during  a  number  of 
field  experiments  in  the  tropical  oceans  (e.g.,  Gautier,  1982)  and  in 
extratropical  oceans  (e.g.,  Gautier  and  Katsaros,  1984).  The 
statistics  indicate  that  ihe  accuracy  of  daily  estimates  is 
approximately  15  W/m^. 

4.  VARIABILITY  IN  THE  TROPICAL  PACIFIC 

Fig.  1  shows  the  time-longitude  distribution  of  Ts,  U,  W,  LE,  SR 
and  net  flux  (SR-LE),  centered  on  the  equator  between  9()°W  and  the 
date-line.  The  1982-83  ENSO  episode  is  envisioned  as  an  apparent 
eastward  migration  of  the  warm  water  pool  marked  by  the  28‘’C 
isotherm  starting  in  June  1982.  This  results  in  a  reverse  of  zonal  T, 
gradient  near  the  date-line.  The  organized  deep  convection  marked 
by  high  W  also  moves  east  from  the  date-line  starting  June  1982, 
leaving  dry  air  behind.  The  seasonal  cycle  of  U  is  disrupted  by  the 
eastward  migration  of  low  wind  center  representing  surface 
convergence  associated  with  the  organized  convection  at  the  eastern 
terminal  of  anomalous  westerlies.  During  April  1983,  zonal  belts  of 
high  Tj,  high  W  and  low  U  stretch  across  the  entire  equatorial 
Pacific.  Detailed  evolution  of  these  three  parameters  during  the 
episode  is  described  in  Liu  (1989).  Despite  the  warm  water,  LE  is 
below  normal  due  mainly  to  the  low  U  near  the  convergence  center. 
The  annual  October  high  does  not  reach  the  expected  level.  The 
semi-annual  frequency  of  SR  is  disrupted  during  the  episode  by  a 
eastward  migration  of  low  value  following  the  displacement  of 
organized  convection  and  cloud  system.  Although  the  change  of  SR 
is  partly  compensated  by  the  the  change  in  LE,  the  net  flux  (SR-LE) 
into  the  ocean  is  reduced.  Monthly  maps  of  the  net  flux  are 
presented  by  Liu  et  ai.  (1989). 
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Fig.  1  Time-longitude  variation,  centered  on  the  equator,  of  (A)  sea  surface  temperature,  (B)  surface  wind  speed,  (C) 
columnar  water  vapor,  (D)  latent  heat  flux,  (E)  shortwave  radiation,  and  0^  the  difference  between  shortwave  radiauon  and 
latent  heat  flux.  The  intervals  between  isolines  are  I’C,  1  mis,  0.5  g/cm^,  25  W/mZ,  15  W/m^,  and  25  W/m^  respectively. 


The  change  of  heat  storage  in  the  upper  ocean  is  governed  by  the 
balance  heat  gain  from  the  surface  and  the  loss  through  ocean 
dynamics.  Fig.  2  shows  the  distribution  of  the  lag  correlation 
coefficient,  at  2°  latitude  by  2°  longitude  grids,  between  the  time 
series  of  the  net  flux  and  T,.  The  time  series  of  net  flux  starts  from 
March  1982  and  ends  at  August  1983.  The  flux  leads  T,  by  two 
months.  Away  from  the  equatorial  region,  the  correlation  is 
significant,  demonstrating  that  surface  thermal  forcing  is  an 
important  factor  for  upper  ocean  heat  balance  and  T,  change.  In  the 
equatorial  wave  guide,  ocean  dynamics  plays  a  more  dominant  role 
and  surface  heal  flux  is  a  consequence  raliier  than  the  cause  of  T; 
change. 

5  FUTURE  POTENTIAL 

The  SSMI  (Special  Sensor  Microwave  Imager)  launched  in  1987  on 
the  operational  spacecraft  of  DMSP  (Defense  Meteorological  Space 
Program)  is  an  improvement  in  design  over  SMMR  but  it  does  not 
have  the  low  frequency  channels  which  arc  sensitive  to  sea  surface 
temperature  variation.  Future  computation  of  LE  has  to  rely  on  Ts 


derived  from  operational  infrared  radiometer  such  as  the  AVHRR 
(Advanced  Very  High  Resolution  Radiometer).  The  methodology  of 
computing  LE  can  \k  extended  to  other  tropical  oceans.  With  access 
of  GMS  (Japanese  Geostationary  Satellite)  data  through  ISCCP 
(International  Cloud  Climatology  Project)  and  other  means, 
computation  of  SR  over  the  entire  tropical  Pacific  is  feasible. 
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Fig.  2  Distribution  of  the  lag  correlation  coefficients  between  ocean  surface  thermal  forcing  (shortwave  radiation  minus  latent 
heat)  and  sea  surface  temperature.  The  forcing  (2^2-8/83)  leads  sea  surface  temperature  by  two  months. 
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Abstract-  The  physical  retrieval  of  precipitation  parameters 
from  llS-GHz  spectra  is  investigated  using  an  iterative  planar-straU- 
hed  numerical  radiative  transfer  model.  Liquid  and  frozen  hydrome¬ 
teors  arc  modelled  as  spherical  Marshall-Palmer  (MP)  and  Sekhon- 
Srivastava  (SS)  distributed  Mie-scattering  polydispersions  (respec¬ 
tively)  with  Henyey-Greenstein  phase  functions.  A  comparison  of 
llS-GHz  rain  cell  spectral  perturbations  observed  during  COHMBX 
with  model  calculations  based  on  coincident  radar  data  yield  ±10 
percent  agreement  over  the  convective  core  region,  although  a  mean 
ice  size  50%  larger  than  that  given  by  the  SS  distribution  is  required 
for  agreement  over  the  anvil  region. 

A  rain  cell  model  parameterized  by  top-alUtude  and  total  wa¬ 
ter  density  suggests  that  the  dominant  llS-GHz  spectral  modes  can 
be  used  to  retrieve  top-layer  altitude  with  RMS  errors  of  ~  1-1.5  km, 
consistent  with  statistical  retrieval  results.  Model  calculations  also 
suggest  that  cell  density  is  not  observable  using  llS-GHz  spectra 
alone.  However,  cell  density  might  be  retrieved  from  coincident  ob¬ 
servations  using  similar  clear-air  channels  at  53-  and  llS-GHz,  al¬ 
though  such  a  retrieval  would  be  sensitive  to  the  mean  ice  particle 
size. 


The  sensitivity  of  radiometric  channels  to  temperature  at  var¬ 
ious  levels  in  the  troposphere  is  exhibited,  in  the  presence  of  precipi¬ 
tation,  through  the  perturbed  temperature  weighting  functions.  Cal¬ 
culations  using  the  perturbed  and  clear-air  weighting  functions  sug¬ 
gest  llS-GHz  transparent-channel  cell-top  reflectivities  of  almost  60 
percent  for  high-altitude  convective  cores.  Precipitation  cell  probing 
depth  is  also  revealed  using  the  perturbed  weighting  functions.  At 
llS-GHz,  cells  with  water  densities  greater  than  0.5  g/m’  are  found 
to  be  radiometrically  opaque,  while  cells  with  less  than  0.1  g/m* 
density  are  transparent. 


Key  Words-  radiative  transfer,  scattering,  precipitation,  re¬ 
trieval. 


1,  Introduction 


Oj  observations. 

The  model  has  been  verified  by  observations  made  using  the 
Millimeter-wave  Temperature  Sounder  (MTS)  [1]  aboard  the  NASA 
ER-2  high-altitude  aircraft  during  COHMEX,  1986.  The  MTS  is 
a  Dicke-switched  scanning  spectrometer  which  senses  atmospheric 
emission  spectra  using  8  double-sideband  (DSB)  channels  located 
from  500  to  2000  MHz  around  the  118.75-GHz  Oj  resonance,  and 
one  DSB  channel  in  the  5-mm  Oz  band  centered  at  53.65  GHz. 

For  the  case  of  hydrometeor  profile  retrievals  using  single-spot, 
multichannel  radiometric  data,  the  most  appropriate  observables  are 
the  statistically  significant  modes  in  the  brightness  temperature  spec¬ 
trum.  The  physical  retrieval  of  precipitation  parameters  using  the 
118-GHz  observables  is  analyzed  using  the  forward-transfer  model  in 
conjunction  with  a  rain  cell  model  parametrized  by  cell-top  altitude 
and  density.  Consideration  is  given  to  the  sensitivity  of  retrievals  to 
instrument  noise  and  model  uncertainties,  particularly  in  the  ice  par¬ 
ticle  size  spectrum.  Due  to  the  frequency  dependence  of  hydrometeor 
scattering  and  absorption,  additional  observable  degrees  of  freedom 
can  be  obtained  by  inclusion  of  coincident  5  mm-band  passive  Oz 
data. 

2.  Numerical  Radiative  Transfer  Model 


The  radiative  transfer  model  assumes  that  precipitation  cells 
are  composed  of  tenuous  horizontally-stratified  polydispersions  of 
spherical  hydrometeors  situated  over  a  specularly  reflecting  surface. 
By  azimuthal  symmetry,  only  the  vertically  and  horizontally  polar¬ 
ized  Stokes’  parameters  are  required  to  describe  the  brightness  tem¬ 
perature  field  : 


TB{h,e,‘')  = 


(  TaAhAi')  \ 

\  TBKihAl')  } 


(1) 


which  obeys  the  differential  equation  of  radiative  transfer  (DRTE)  (2) : 


The  sensitivity  of  microwave  brightness  observations  to  pre¬ 
cipitation  is  predominanalty  due  to  absorption  by  liquid  hydromete¬ 
ors  and  to  scattering  of  the  cold  cosmic  background  radiation  by  the 
ice  canopy  commonly  found  at  altitudes  above  the  freezing  level.  Ra¬ 
diometric  observations  near  the  X18-GHz  O2  line  are  characterized 
by  temperature  weighting  functions  that  peak  at  successively  higher 
altitudes,  and  thus  are  sensitive  to  the  height  of  the  precipitation, 
as  well  as  to  the  strength  of  the  scattering  and  absorption.  In  order 
to  optimally  utilize  llS-GHz  radiometric  data  in  precipitation  re¬ 
trievals,  the  forward  radiative  transfer  problem  for  a  scattering  and 
absorbing  distribution  of  hydrometeors  is  solved  using  an  iterative 
planar-stratified  numerical  model,  appropriate  for  peissive  microwave 


COs{^)^^  =  -«.rB(A,5)  +  «a 


( m  \ 
[  m ) 


■rK.mhA^)-TB{h,-  S')  Sin's-) 
0 


where  h  is  the  height,  S  is  the  zenith  angle  v  is  the  frequency,  T  is  the 
temperature,  k,,  k„  and  k,  =  k,  -f  are  the  total  scattering,  ab¬ 
sorption,  and  extinction  coefficients  (respectively),  and  the  Rayleigh- 
Jeans  approximation  is  used.  The  Henyey-Greenstein  (HG)  phase 
function  is  used  to  model  the  hydrometeor  scattering  anisotropy.  In 
Eq.  2,  the  scattering  and  absorption  coefficients,  k,  and  k.,  are  com¬ 
puted  as  the  sum  of  contributions  from  both  gaseous  Oz  |3j  and 
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H]0  |4j  absorbers  and  Mie  dielectric  spheres,  using  the  millimeter- 
wave  dielectric  constants  of  liquid  water  and  ice  |5,6|.  Aggregate  hy¬ 
drometeor  scattering,  absorption,  and  phase  function  asymmetry  are 
derived  by  integration  over  Marshall-Palmer  (MP)  liquid  or  Sekhon- 
Srivastave  (SS)  ice  siie  distributions  No  —  No  e"*°,  where  No  is  the 
number  density  of  particles  with  equivalent  liquid  diameters  between 
D  and  D  +  dD. 

The  temperature  weighting  function  set  {tV (/i*,  h,6],W s{h,  0), 

^Rnes  the  relationship  between  the  brightness  temper¬ 
ature  vector  TB(h,  0)  and  the  atmospheric  temperature  profile  T{h), 
the  surface  temperature  Ts,  and  the  cosmic  background  temperature 
Tcb  =  2.7  K  : 

00 

Tb{K0)  =  j  T(h')W{h',h,0)dh'  +  Ws(h,0)Ts  +  WcBih,0)TcB 
0 

(3) 

The  iterative,  or  “perturbation”  method  was  used  to  solve 
the  DRTE  for  the  temperature  weighting  functions  and  brightness 
temperatures.  The  series  expansion  for  the  temperature  weighting 
function  set  becomes  : 

W{h',h,0)  =  f^W^''Hh',h,0) 

n=0 

Ws(h,0)  =  f^W<~^\h,0) 
n=0 

WoB{h,0)  =  (4) 

*  rtsO 

An  iterative  procedure  to  compute  the  weighting  function  corrections 
is  (7!  : 

iv<V. '>.<’)  =  |i-o(A)!iv<‘>(h',/..«) 

=  w'^\h,0) 

(5) 

/  ^{h")  I  p'{h",0,0')-W^’'\h',h".„-0>)tm(0')d0-W^’\h",h,0)dh‘' 
0  0 

00  r 

I  Vj[h")  I p\h'',0,0')-w'‘^\h'',i,  -  0')sin{0')d0'W^‘\h'\h,0)dh” 

0  0 

w^cb'\K0)  = 

00  r 

J  °’(/>'')  fp'ih", 0, 0")  ■  ir-0') sin(0')d0'W(‘^(h'',h,0)  dh" 

0  0 

(6) 

where  tu  =  ic,//Cj  is  the  total  single-scattering  albedo  and  is 
a  non-scattering  weighting  function,  but  calculated  using  the  extinc¬ 
tion  (rather  than  absorption)  coeIRcient  as  the  measure  of  difieren- 
tial  upacity  The  fuiward-ltausfuc  cuiiiputation  was  impiemcnied  by 
trapezoidal  quadrature  over  40-50  height  levels  and  Gaussian  quadra¬ 
ture  over  6-8  elevation  angles,  and  typically  required  up  to  95  itera¬ 
tions  for  convergence. 

3.  Experimental  Verification  of  the 
Numerical  Model 

Computed  brightnesses  for  a  summertime  mature  convective 
cell  couplet  were  compared  with  coincident  118-GHz  brightness  im¬ 


agery  made  using  the  MTS.  The  couplet  was  observed  ~  100  km  SE 
of  Huntsville,  AL  by  the  CP-2  (10  cm,  H-polarized)  weather  radar  on 
July  11, 1986  during  COHMEX;  rain  rates  up  to  ~  85  mm/hr  were 
exhibited  in  the  main  cell  core.  A  vertical  reflectivity  cross-section 
of  the  couplet  coincided  with  the  ER-2  flight  track  to  within  ~  2  km, 
with  worst-case  temporal  coincidence  of  4  minutes. 

Hydrometeor  size  distribution  and  phase  profiles  were  derived 
from  equivalent  volume  radar  reflectivity  {Z,)  measurements.  Hy¬ 
drometeor  classification  (liquid,  ice,  or  mixed-phase)  at  each  level 
depends  upon  the  hydrometeor  temperature.  Above  freezing,  reflec¬ 
tivity  measurements  were  assumed  to  correspond  to  rain,  and  the 
MP  relations  are  used.  For  temperatures  below  that  of  ice  nucle- 
ation  (taken  to  be  -35°  C  ),  measurements  were  assumed  to  be  from 
ice,  and  the  SS  relations  (corrected  by  6.5  dB  to  account  for  the 
lower  refrectivity  of  ice)  were  used.  For  temperatures  between  the 
freezing  and  ice  nucleation  extremes,  the  ice-to-liquid  mixing  ratio 
was  assumed  to  increase  linearly  from  0%  at  0°  C  to  100%  at  -35°  C 
,  with  the  total  equivalant  reflectivity  fixed  by  Z,.  Temperature  pro¬ 
files  were  derived  from  a  nearby  radiosonde,  relative  humidity  was 
modified  to  be  100%  within  regions  of  non-zero  hydrometeor  density, 
and  surface  reflectivity  was  assumed  to  be  5%. 

Monochromatic  nadirat  1 18-GHz  brightness  spectra  were  com¬ 
puted  from  14  vertical  reflectivity  profiles  and  one  hydrometeor-free 
profile  used  as  a  reference  (Fig.  1.  The  brightness  temperature  per¬ 
turbations  (relative  to  the  hydrometeor-free  case)  exhibit  ±10%  ag- 
greement  with  those  observed  in  the  convective  regions  (B  and  C)  of 
the  storm.  However,  the  residual  perturbation  discrepancies  in  the 
anvil  region  (A)  indicated  significantly  less  scattering  than  suggested 
by  the  model.  To  resolve  the  discrepancy,  the  effect  of  decreasing  the 
118-GHz  anvil  ice  scattering  coefficient  by  a  factor  of  5  while  hold¬ 
ing  the  A  =  10  cm  reflectivity  constant  was  investigated.  Indeed, 
Z,  remains  unchanged  if  the  estimated  frozen  hydrometeor  density 
M  is  reduced  by  a  factor  of  (1.5)’  =  3.375,  and  the  mean  particle 
diameter  1/A  is  simultaneously  increased  by  1.5. 

The  computed  transparent  channel  brightness  temperatures 
using  the  modified  anvil  ice  size  relations  agree  with  observations  to 
within  10%  of  the  channel  perturbation  amplitude.  The  modified 
ice  density  is  also  closer  to  the  estimated  liquid  density  below  the 
anvil  than  is  the  original  SS  ice  density.  These  results  suggest  that 
larger  ice  particle  sizes  than  those  given  by  the  SS  distribution  may 
be  present  in  anvil  regions.  An  unusually  large  mean  ice  particle 
size  could  be  due  to  accretion  of  smaller  ice  particles,  which  can 
be  expected  to  be  significant  in  view  of  the  maturity  of  the  anvil 
region  (~  30  -  60  minutes)  and  the  moderate  descent  rates  (~  0.1  - 
1.0  m/sec)  of  the  ice  particles.  Both  MP  and  Heymsfield-Platt  size 
relations  increase  the  118-GHz  ice  scattering  coefficient,  hence  were 
not  used. 

The  computed  118-GHz  perturbed  weighting  functions  (Fig.  2) 
can  be  used  to  calculate  both  the  probing  depth  of  the  118-GHz  chan¬ 
nels,  defined  here  as  the  distance  into  the  cell  over  which  86%  of  the 
total  cell  emission  has  originated.  Over  the  main  cell  core,  the  trans¬ 
parent  MTS  channel  weighting  function  (120.68  GHz)  exhibits  some 
sensitivity  in  the  liquid,  phase  regions  located  below  ~  9.5  km  alti¬ 
tude,  but  direct  physical  retrieval  of  rain  rate  is  improbable  using 
Ihe  IIS-GII4  channels  aiune.  Due  lu  strung  O2  absurptiun,  the  must 
opaque  MTS  channel  (119.80  GHz)  responds  only  to  the  glaciated 
top  of  the  main  cell  core.  The  cell-top  reflectivity  is  the  fraction  of 
the  perturbed  weighting  function  that  senses  altitudes  greater  than 
the  cell-top  altitude  due  to  scattering  from  the  cell  top.  From  the 
computed  weighting  functions,  the  nadiral  cell-top  reflectivity  for 
the  storm  couplet  approaches  50%  for  the  transparent  channel  in  the 
main  cell  core,  and  does  not  exceed  6%  in  the  anvil  region. 


2674 


4.  Physical  Retrieval  of  Rain  Cell  Parametera 
from  118-GHz  Spectra 

Physictil  retrieval  of  precipitation  parameters  from  the  118- 
GHz  observables  was  investigated  using  a  two-parameter  cell  model. 
The  altitude-density  (A-D)  model  assumes  precipitation  cells  to  be  of 
constant  total  water  (liquid  and  ice)  density  from  a  base  altitude  of 
1  km  up  to  the  cell-top  altitude.  The  hydrometeor  phase  is  assumed 
to  be  liquid  below  the  freezing  altitude,  frozen  above  the  altitude 
of  ice  nucleation  (-30°  C  ),  and  linearly  mixed  in  between.  Nadiral 
118-GHz  weighting  functions  and  corresponding  brightness  spectra 
were  computed  for  a  set  of  cell-top  altitudes  ranging  from  2  to  16  km 
(2  km  increments)  and  for  total  water  densities  from  0.01  to  10.0 
g/m*  (two  values  per  decade). 

Only  the  first  three  Kathunen-Loive  (KL)  modes  in  the  118- 
GHz  rain  cell  brightness  perturbation  spectra  exhibit  amplitudes  sig- 
niBcantly  greater  than  the  sensitivity  of  practical  earth-observing 
spectrometers.  These  principal  component  amplitudes  (ki,  k],  and 
ks),  constitute  the  radiometrically  observable  space,  and  are  deter¬ 
mined  by  the  rank-ordered  eigenvectors  of  the  observed  run  cell 
brightness  perturbation  covariance  matrix  [8J.  The  Brat  two  KL 
coefBcients  (ki  and  k])  were  subsequently  computed  from  the  A- 
D  spectra  (Fig  3).  The  range  of  the  mapping  from  A-D  to  KL  space 
agrees  well  with  the  observed  (empirical)  range  of  coefficl'nts  derived 
from  an  ensemble  of  297  convective  cell  cores  |8j. 

A  radiometrically  opaque  cell  exhibits  a  small  transparent- 
channel  probing  depth  relative  to  its  top  altitude.  A-D  model  cal¬ 
culations  suggest  that  for  the  most  transparent  MTS  channel,  pre¬ 
cipitation  cells  are  radiometrically  opaque  for  densities  greater  than 
0.5  g/m*  ,  and  transparent  for  densities  less  than  0.1  g/m’  .  The 
maximum  cell-top  reflectivity  for  the  transparent  channels  reaches  a 
maximum  of  nearly  60%  for  a  cell  top  of  16  km,  and  somewhat  less 
for  opaque  channels. 

For  purely  liquid  precipitation  (i.e.  tops  below  ~  6  km),  the 
cell-top  reflectivity  near  118-GHz  is  only  several  percent,  consistent 
with  the  low  single-scattering  albedo  of  liquid  precipitation  at  mi¬ 
crowave  frequencies.  The  cell-top  altitude  for  radiometrically  opaque 
liquid  cells  (i.e.,  <  8  mm/hr  rain  rate,  or  ~  0.5  g/m’  MP  liquid 
density)  can  be  retrieved  over  land  using  118-GHz  spectra,  with  an 
expected  accuracy  of  less  than  a  kilometer.  For  highly  transparent 
cumulus  clouds  (<  0.01  g/m^ )  the  integrated  water  density  would  be 
retrievable;  however,  since  kt  and  kj  are  not  independent  (implying 
only  one  observable  degree  of  freedom),  cell-top  altitude  and  density 
cannot  be  unambiguously  retrieved  using  118-GHz  spectra  alone. 

The  transparent  118-GHz  channels  are  always  more  strongly 
perturbed  by  glaciation  than  the  opaque  channels,  regardics.s  of  the 
call-top  altitude.  The  A-D  model  calculations  suggest  that  vhc  pres¬ 
ence  of  a  glaciated  cell  top  is  unambigously  detectable  by  comparing 
ki  with  a  threshold  value  of  -20  to  -25  K.  For  values  of  ki  lower 
than  this  threshold,  the  presence  of  ice  is  ascertained.  For  val¬ 
ues  of  ki  greater  than  this  threshold,  the  existence  of  high-altitude, 
radiometrically-transparent  ice  cover  can  be  ascertained  by  testing 
for  unusually  high  values  of  kj. 

The  sensitivities  of  the  coefficients  ki  and  kj  to  cell-top  al¬ 
titude  for  ice  densities  greater  than  0.5  g/m°  provide  justification 
for  the  statistical  retrieval  of  the  cel-  top  altitude.  The  separation  of 
the  “hooked”  regions  of  the  constant-altitude  curves  in  Fig  3  suggest 
that  the  minimum  attainable  RMS  error  from  118-GHz  physical  re¬ 
trievals  of  radiometrically-opaque  cell-top  altitude  will  be  1-1.5  km. 
Variations  in  the  hydrometeor  size  distribution  have  little  effect  on 
the  estimated  altitude,  although  variations  in  the  altitudes  of  freezing 
and  ice  nucleation  will  shift  the  A-D  curves  slightly,  particularly  for 
radiometrically  thin  ice  canopies.  The  use  of  kj  in  altitude  retrievals 


is  not  justiBed  due  to  forward-transfer  modelling  uncertainties. 

Contrary  to  the  altitude  retrieval  capability  of  kj  and  kj,  all 
three  coefficients  ki,  k],  and  ks  are  relatively  insensitive  to  density 
variations  within  the  radiometrically  opaque  range  (0.5  to  10.0  g/m’ 
).  In  addition,  the  forward-transfer  relation  presents  an  an  ambiguity 
in  density  retrieval  over  this  density  range.  Thus,  physical  retrieval 
of  radiometrically-opaque  density  using  118-GHz  spectra  alone  is  not 
viable.  Sensitivity  of  the  two  most  dominant  118-GHz  spectral  modes 
to  hydrometeor  density  is  exhibited,  however,  for  high-altitude  (> 
8  km)  partially  transparent  (<  0.3  g/m’ )  cloud  cover.  Such  scenarios 
will  exhibit  unusually  high  values  of  kt,  and  thus  are  expected  to  be 
discernable  from  opaque  cumulonimbus  clouds.  However,  118-GHz 
observations  will  also  be  sensitive  to  the  ice  particle  size  distribution 
in  this  domain. 

5.  Meteorological  Information  from  Coincident 
60-  and  118-GHz  Observations 

Nadiral  observations  of  brightness  temperature  over  convec¬ 
tive  precipitation  cells  during  GALE  and  COHMEX  using  “similar 
weighting  function”  (SWF)  Oj  channels  within  the  60-GHz  (5-mm 
wavelength)  and  118-GHz  absorption  bands  have  been  used  to  inves¬ 
tigate  whether  additional  precipitation  information  can  be  obtained 
from  such  coincident  multiband  observations.  In  the  context  of  pas¬ 
sive  sounding,  SWF  channels  are  deBned  to  have  nearly  identical  tem¬ 
perature  weighting  functions  over  a  hydrometeor-free  atmosphere. 
Owing  to  the  frequency  dependence  of  hydrometeor  scattering  and 
absorption,  the  response  of  SWF  60-  and  118-GHz  channels  to  liquid 
and  frozen  precipitation  is  markedly  different.  This  can  be  seen  in 
Fig.  4  for  SWF  53.65-  and  118.75  ±  1.47  GHz  nadiral  MTS  obser¬ 
vations  during  two  passes  over  strong  convection  on  June  29,  1986 
during  COHMEX.  Constant  altitude  curves  computed  using  the  A-D 
model  are  overlayed. 

Small  negative  perturbations  (<35  K)  in  the  118-GHz  bright¬ 
ness  are  2-3  times  as  large  as  coincident  SWF  53-GHz  perturba¬ 
tions.  Such  frequency  scaling  is  commonly  seen  in  the  MTS  GALE 
and  COHMEX  observations  over  cumulus  and  weak  cumulonimbus 
clouds  (i.e.,  118-GHz  radiometrically  transparent  clouds,  or  <  0.1 
g/m’  ),  and  is  due  to  the  Rayleigh  frequency  dependence  of  scatter¬ 
ing  hydrometeors.  The  additional  degree  of  freedom  can  be  used  by  a 
corrector  to  to  improve  temperature  soundings  over  radiometrically 
transparent,  low-density  (<  0.1  g/m’  )  cloud  cover. 

Over  heavier  cumulonimbus  clouds  and  convective  precipita¬ 
tion,  negative  118-GHz  perturbations  track  the  coincident  53-GHz 
perturbations  more  closely.  This  near-equality  of  the  53/118-GHz 
SWF  perturbations  is  due  to  Mie  scattering,  which  dominates  for 
bydrometeor  densities  greater  than  0.1  g/m’  .  Since  the  distribution- 
averaged  scattering  and  absorption  efficiencies  are  nearly  constant 
within  the  Mie  region,  the  scattering  and  absorption  coefficients  are 
nearly  frequency  independent  from  53  to  118  GHz. 

The  curves  of  constant  altitude  and  density  in  the  SWF  bright¬ 
ness  plots  form  a  curvilinear  grid,  particularly  over  the  opaque  range 
(0.6  to  10.0  g/m*  )  and  above  7  km  in  altitude,  covering  the  re¬ 
gion  of  118-GHz  density  ambiguity.  Thus,  SWF  Oj  channels  will  be 
useful  for  retrieval  of  radiometricaliy-opaque  cell-top  density.  How¬ 
ever,  variations  in  the  size  distribution  will  shift  the  the  curvilinear 
grid.  By  adopting  the  MP  (rather  than  SS)  ice  size  distribution, 
the  perturbation  ratios  ATus/ATss  tend  to  increase  for  all  cell  top 
altitudes,  consistent  with  the  smaller  mean  size  of  MP-distributed 
particles. 

6,  Piwuwipn 

Many  simplifying  approximations  have  been  made  in  this  nu¬ 
merical  model,  such  u  the  assumption  of  exponentially  decaying 
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polydispenions  of  Mie  spheres  with  Henyey-Grcenstein  scattering 
phase  functions.  A  more  complete  analysis  would  assume  a  gamma 
distribution  of  sires  along  with  the  presence  of  prolate  and  oblate 
ice  scatterers,  modeled  by  their  analytic  phase  matrices.  Consid¬ 
eration  should  also  be  given  to  hydrometeors  with  entrained  air  or 
snowflake  habits,  and  a  comparison  of  the  HG  phase  function  with 
the  exact  Mie  phase  matrix.  Since  the  numerical  model  veriflcation 
was  limited  to  a  single  case  study,  comparisons  for  different  types 
of  precipitation  as  well  as  within  other  microwave  bands  are  desire- 
able.  However,  the  mapping  from  A-D  to  KL  space  is  not  likely  to 
be  significantly  altered. 

Over  precipitation  for  which  the  probing  depth  is  small  com¬ 
pared  to  the  horizontal  extent  of  the  cell,  the  planar-stratified  model 
is  appropriate.  However,  where  the  probing  depth  is  large  relative  to 
the  size  of  the  cell,  the  applicability  of  the  planar-stratified  model  is 
questionable. 
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Figure  1:  Comparison  of  computed  vs.  observed  brightness  tempera¬ 
tures  a  storm  ceil  couplet  on  July  11, 1986  during  COHMEX  for  the 
two  extreme  and  one  intermediate  opacity  MTS  channel.  Solid  points 
are  values  computed  using  hydrometeor  profiles  derived  from  the  SS 
relations,  while  the  open  points  (anvil,  region  A)  use  a  modified  ice 
size  distribution. 


Figure  2;  Computed  weighting  functions  for  the  extreme  and  in¬ 
termediate  opacity  MTS  channels  over  the  July  11  convective  cell 
core,  assuming  MP  liquid  and  SS  frozen  hydrometeor  profiles.  The 
dashed  line  is  the  hydrometeor-free  weighting  function.  The  symbols 
show  the  surface  and  cosmic  background  weights  (bottom  and  top 
of  graph,  respectively)  for  the  hydrometeor-free  (•)  and  perturbed 
(A)  profiles. 
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Figure  3:  The  mapping  from  altitude-density  (A-D)  space  to  the 
ki  -  k]  (KL  coefficient)  subspace.  Shown  are  constant  altitude  curves 
for  8, 10, 12, 14,  and  16  km  cell  tops  assuming  a  Sekhon-Srivastava  ice 
size  distribution  (solid)  and  a  Marshall-Palmer  ice  size  distribution 
(dashed,  16  km  only).  The  empirical  range  is  derived  from  a  set  of 
279  precipitatio^cell  core  observations. 
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Figure  4:  Brightness  temperatures  over  precipitation  for  similar 
weighting-function  O3  channels  at  53.65  GHz  and  118.75±1.47  GHz. 
The  points  are  MTS  data  observed  during  two  passes  over  strong  con¬ 
vection  on  June  29, 1986  during  COHMEX.  The  solid  lines  are  com¬ 
puted  constant-altitude  curves,  parametrized  by  cell  density.  Com¬ 
putations  used  the  A-D  model  with  a  MP  liquid  size  distribution  and 
a  SS  (solid)  or  MP  (dashed)  ice  size  distribution. 
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ABSTRACT 

The  intense  mesoscale  atmospheric  vortices 
often  referred  to  as  polar  lows  are  a  major 
hazard  to  shipping  and  gas/oil  exploration  and 
operations  in  the  polar  regions.  These  systems 
develop  very  rapidly  and  frequently  have 
surface  winds  in  excess  of  30  m  s*‘  as  well  as 
heavy  precipitation,  usiwlly  in  the  form  of 
snow.  Despite  recent  advances  in  numerical 
weather  prediction,  the  skill  in  forecasting 
polar  low  developments  is  still  poor  and 
satellite  data  are  the  principal  means  by 
which  such  system  are  located.  Satellite 
imagery  has  been  used  extensively  for  some 
years  to  detect  polar  lows,  however,  the 
manual  analysis  of  imagery  is  a  time  consuming 
and  imprecise  process  and  the  signs  of 
developing  systems  can  easily  be  missed. 
However,  new  forms  of  objective  satellite  data 
are  becoming  available  to  help  in  the 
detection  of  polar  lows  including  atmospheric 
sounder  profiles  and  surfe«:e  winds  from 
microwave  scatterometers.  The  British 
Antarctic  Survey  is  investigating  the  value  of 
TIRCS  Operational  Vertical  Sounder  (TOVS)  data 
in  polar  meteorological- research  and  has 
recently  carried  out  a  study  into  its  use  in 
investigating  the  structure  and  evolution  of 
polar  lows,  ftie  of  the  main  problems  in  using 
TOVS  data  is  that  few  validation  studies  have 
been  carried  out  on  the  accuracy  of  the 
temperature  retrievals.  This- is  largely  due  to 
the  fact  that  there  is  so  little  data 
available  in  the  polar  regions,  especially  on 
the  mesoscale.  However,  the  first  instrumented 
aircraft  flight  through  a  polar  low  carried 
out  by  Shapiro  et  al  (1986)  has  provided  the 
most  complete  data  set  of  the  thermal 
structure  of  a  polar  low  yet  assembled.  A 
comparison  of  the  TOVS  temperature  profiles 
with  the  aircraft  data  will  bo  presented  and 
the  horizontal  resolution  of  the  satellite 
retrievals  will  be  discussed.  It  will  be  shown 
that  the  satellite  data  are  capable  of 
resolving  many  of  the  sub-synoptic-scale 
features  of  a  polar  low  including  the  warm 
core  found  at  the  heart  of  many  system.  As  an 
operational  tool  the  TOVS  thermal  fields  are 


able  to  identifying  the  strong  low  level 
baroclinic  zones  on  which  polar  lows 
frequently  form  and  to  resolve  the  upper 
level  cold  core  vortices  which  often  provide 
the  trigger  for  developments  (Rasmussen, 
1985).  Examples  of  the  possible  role  of  TOVS. 
data  in  operational  detection  and  analysis 
of  polar  lows  will  also  be  presented. 


1.  INTRODUCTION 

In  recent  years  there  has  been  a  growing 
interest  in  polar  meteorology  due  to 
operations  concerned  with  the  exploitation 
of  natural  resources  at  high  latitudes  and 
the  realisation  of  the  important  role  the 
polar  regions  play  in  the  global  climate 
system.  Studies  of  the  synoptic  climatology 
of  the  polar  regions  (Streten  and  Troup, 
1973;  Rasmussen,  1983)  have  highlighted  the 
wide  range  of  atmospheric  systems  that  occur 
on  the  synoptic  and  mesoscale,  however,  our 
knowledge  of  the  mechanisms  behind  their 
formation  and  consequently  our  ability  to 
model  then  nximerically  is  still  poor.  Some 
of  the  most  vigorous  systems  and  therefore 
the  most  dangerous  to  polar  operations  are 
the  mesoscale  vortices  usually  referred  to 
as  polar  lows.  Although  polar  lows  have  been 
traditionally  associated  with  the  Northern 
Hemisphere,  recent  studies  using  satellite 
data  )iave  found  similar  systems  around  the 
coast  of  the  Antarctic.  This  paper  examines 
the  role  tViat  satellites  can  play  in 
detecting  polar  lows  in  their  early  stages 
and  looks  at  how  new  forms  of  satellite  data 
can  be  used  in  diagnostic  studies. 

2.  THE  NATURE  OF  MESOSCALE  POLAR  VORTICES 

Mesoscale  vortices  develop  and  evolve  over 
the  high  latitude  ocean  areeis  of  both 
hemisi^ieres.  In  the  Northern  Hemisphere  tliey 
occur  in  a  number  of  preferred  areas,  such 
as  the  Norwegian  and  Barents  Seas  and  the 
Gulf  of  Alaska.  These  are  the  regions  in 
which  the  ’cleissic’  polar  low  developments 
occur  and  in  which  the  greatest  number  of 


2677 


case  studies  have  been  performed.  Polar  lows 
frequently  occur  in  these  areas  because  of  the 
poleward  transport  of  warm  mid-latitude  water  by 
the  ocean  currents,  such  as  the  Gulf  Stream.  When 
off-ice  atmospheric  flow  brings  extremely  cold 
Arctic  air  over  the  very  warm  water  t)ie  air-sea 
temperature  difference  can  be  as  large  as  40°  C 
which  produces  a  very  unstable  vertical 
temperature  structure.  In  these  conditions  polar 
lows  occur  with  considerable  cumulo-nimbus 
convection  (Rasmussen,  1985).  In  the  North 
Atlantic,  over  the  sea  areas  South  of  Iceland, 
the  nature  of  the  polar  lows  is  considerably 
different  and  the  systems  have  more  resemblance 
to  small,  mid-latitude  cyclones.  Here 
baroclinicity  plays  a  greater  role  in  the 
formation  of  the  lows  (Harrold  and  Browning, 

1969)  and  they  frequently  have  front-like 
structures  on  which  the  precipitation  is 
organised.  Systems  forming  in  the  Iceland  area 
often  track 'over  the  UK  and  give  some  of  the 
heaviest  snowfall  to  occur  in  the  country.  In  the 
Squthem  Hemisphere  the  distribution  of  land 
masses  is  such  that  the  poleward  transport  of 
warm  w^ter  is  much  reduced  compared  to  the 
Northern  Hemisphere,  so  polar  lows  of  the 
strongly  convective  type  do  not  occur.  The 
systems  found  in  the  Antarctic  coastal  region 
have  many  of  the  characteristics  of  the  Northern 
Hemisjheric,  baroclinic  type  of  polar  low  with 
the  characteristic  cloud  spiral  rather  than  the 
cluster  of  cumulo-nimbus  towers.  As  in  the 
Northern  Hemisfhere  the  fluxes  of  moisture  and 
heat  from  the'  ocean  are  felt  to  be  important  as 
the  vortices  usually  dissipate  rapidly  after 
making  landfall. 

3.  DETECTION  OF  POLAR  LOWS 

With  so  few  surface  observations  over  the  high 
latitude  ocean  arefis  satellites  are  crucial  for 
locating  the  developing  polar  lows.  In  the  very 
unstable  conditions  near  the  ice  edge  there  is 
usually  extensive  cloud,  often  in  the  form  of 
plum4s  and  cloud  streets  and  detecting  small 
polar^lows  within  this  cloud  is  very  difficult. 

In  the  northernmost  arefis,  such  as  the  Barents 
Sea,  many  deep  cuniulus  and  cumulo-nimbus  clouds 
can  also  be  present  and  any  of  these  may  be  the 
precursor  of  a  polar  low  development.  Fig.  1 
shows  a  mature  polar  low  of  this  convective  type 
in  the  Barents  Sea  at  04:11  Off  on  14  December 
1982. 

Upper  level  short  wave  troughs  have  been  shown  to 
act  as  the  trigger  for  a  number  of  polar  low 
developments  and  the  combination  of  satellite 
imagery  and  analysed  fields  of  upper  air  data 
from  numerical  models  may  provide  one  means  of 
determining  which  cloud  clusters  will  develop. 
Fig.  2  shows  the  cloud  associated  with  a 
developing  polar  low  of  the  baroclinic  type  which 
formed  south  of  Jan  Mayen  in  response  to 
GjTioptic-scalc  baroclinic  foieing. 

This  case  illustrates  the  difficulties  of 
identifying  the  location  of  possible  polar  low 
developments.  During  the  previous  few  hours  three 
separate  cloud  features  had  been  present  in  an 
East-West  line  to  the  South  of  Jan  Mayen.  All  bad 
the  potential  to  develop  into  an  active  system 
but,  in  the  hours  preceding  the  spin-up  of  the 


system,  it  provided  impossible  to  determine 
which  cloud  structure  would  develop.  In  the 
end  it  was  the  easternmost  cloud  which 
spawned  the  low  and  which  then  moved 
eastwards.  However,  this  was  clearly  a  very 
active  region  and  further  systems  continued 
to  develop  during  the  following  day. 


Fig  1  A  polar  low  and  deep  cumulo-nimbus 
cloud  in  the  Barents  Sea  at  04:11  GMT  14 
December  1982. 


Fig.  2  A  developing  polar  low  South  of  Jan 
Mayen  at  08:25  GMT  27  February  1984. 


As  discovoi'ed  in  the  late  1960s  low  level 
baroclinic  zones  close  to  the  ice  edge  are 
often  favourable  areas  for  polar  low 
deveioimieni.s .  Although  numerical  models  have 
improved  considerable  in  recent  years  it  is 
still  difficult  to  pin  point  such  areas  due 
to  their  limited  horizontal  resolution. 
Satellite  sounding  data,  however,  can 
provide  an  indication  of  horizontal  thermal 
gradients  where  the  acquisition  of  upper  air 
data  is  impossible  by  other  means.  As  global 
temperature  sounding  data  is  available  on  an 
operational  basis  from  tlie  TIROS-N/NOAA 
series  of  polar  orbiting  satellites 
(Schwalb,  1978)  the  use  of  such  data  for 
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determining  the  possible  locations  of  ixjlar  low 
developments  could  be  carried  out  on  a  routine 
basis. 

4.  SATELLITE  DATA  AS  A  RESEAUQI  TOOL 

i’olar  lows  research  has  been  gaining  momenUun 
since  the  1960s,  however,  it  is  only  in  the  last 
ten  years  that  the  full  range  of  satellite  data 
have  been  employed  in  these  studies.  During  the 
1970s  high  resoUition  satellite  imagery  was  used 
to  examine  the  cloud  structures  associated  with 
polar  lows  and  to  determine  cloud  top 
temperatures.  These  data  also  allowed  the 
production  of  the  first  climatologies  of  meso- 
and  synoptic-scale  disturbajices  in  the  polar 
regions  (Streten  and  Troup,  1973;  Businger, 

1985).  In  the  1980s  the  first  studies  were 
carried  out  on  the  applications  of  sounder  data 
within  polar  lows  research  (Stoffenson  and 
Rasmussen,  1986;  Turner  and  Warren,  1988a).  These 
indicated  that  despite  the  poor  vertical 
resolution  of  the  satellite  temperature  profiles 
the  data  could  provide  valuable  information  for 
use  ii\  diagnostic  case  studies  wlicn  in-situ  upper 
air  temperature  data  were  not  available.  The  data 
were  found  to  be  particularly  useful  in  the 
Antarctic  coastal  region  where  the  temperature 
gradient  between  the  very  cold  air  masses  over 
the  interior  of  the  continent  and  the  relatively 
mild  air  over  the  ocean  is  large.  Here  the 
analysed  fields  of  TOVS  data,  when  used  in 
conjunction  witli  high  resolution  imagery,  were 
foimd  to  be  able  to  identify  ice  edge  baroclinic 
regions  and  cold  fronts  descending  from  the 
Antarctic  plateau  (Turner  and  Warren,  1988b). 

One  of  the  difficulties  in  using  sounder  data  is 
that  few  detailed  validation  studios  have  been 
carried  to  compare  the  satellite  profiles  against 
in-situ  observations.  The  error  characteristics 
of  these  data  in  the  polar  regions  are  therefore 
not  well  understood  and  we  cannot  easily 
determine  the  limits  of  horizontal  resolvition  of 
the  data.  This  is  mainly  due  to  the  poor 
observing  networls  at  high  latitudes  and  the 
laclt  of  major  data  gathering  campaigns.  However, 
one  of  tlie  projects  of  tlie  international  Arctic 
Cyclone  Expedition  involved  the  study  of  a  polar 
low  with  an  instrumented  aircraft  (Shapiro  et  al, 
1987)  and  this  provided  the  most  detailed 
information  yet  on  the  thermal  structure  of  a 
mature  polar  low.  Passes  of  satellite  sounding 
data  have  recently  been  validated  against  the 
aircraft  observations  to  examine  the  capabilities 
of  the  sounding  data.  This  particular  polar  low 
has  been  described  in  detail  by  Shapiro  and  only 
a  brief  description  of  the  system  will  be 
provided  here.  The  low  developed  South  of  Jan 
Mayen  during  the  27  February  1984  and  was  of  the 
baroclinic  type  of  system.  It  had  surface  winds 
in  excess  of  30  m  s'*  and  heavy  precipitation  on 
a  mesoscale  front  extending  Southwestwards  from 
the  centre  of  the  system.  At  the  heart  of  the  Ic;.* 
there  was  a  warm  core  which  coincided  with  the 
cloud  free  area  at  the  centre  of  the  cloud 
spiral.  A  number  of  passes  of  sounder  data  wore 
processed  covering  the  different  stages  of  the 
polar  low’s  development.  Fig.  3  shows  the 
analysed  TOVS  1000-500  mb  thicknesses  at 
08:20  GMT,  when  the  low  was  Still  forming.  The 
approximate  position  of  the  cloud  associated  with 


the  system,  as  determined  from  the  imagery, 
has  been  superimposed.  This  figure  shows  tlie 
strong  baroclinic  zone  in  which  the  low 
developed  extending  from  Southwest  to 
Northeast.  There  appears  to  bo  no  thermal 
structure  associated  with  the  cloud  vortex 
itself  and  the  thermal  gradient  is  fairly 
uniform  across  the  system.  Fig  4  shows 
similar  data  for  the  system  at  13:40  GMl’, 
which  corresponds  to  the  time  when  the 
aircraft  made  its  observations  within  the 
low.  The  TOVS  thicknesses  at  this  time  show 
far  more  thermal  structure  associated  witli 
tiro  polar  low  and  a  break  down  of  the 
previous  Southwest -Northeast  thermal 
gradient.  In  the  centre  of  the  system  the 
satellite  soundings  have  resolved  the  warm 
core  and,  although  less  intense  than  in  the 
aircraft  data,  is  correctly  positioned  in 
the  centre  of  the  cloud  spiral.  To  the 
Southeast  of  the  warm  core  is  a  txrol  of  cold 
air  which  is  believed  to  liave  been  advected 
around  the  base  of  the  low  and  this 
represents  the  leading  edge  of  the  cold 
arctic  air  being  drawn  iirto  the  system. 
Although  the  aircraft  found  a  warm  pool 
associated  the  front  to  the  southwest  of  the 
centre  there  is  no  indication  of  this  in  the 
satellite  thickness  fields.  In  the  aircraft 
data  this  was  very  shallow  and  on  a  scale 
comparable  to  the  sounding  measurements 
themselves. 


Fig  3.  Analysed  TOVS  1000-500  mb  thickness 
values  over  a  polar  low  at  08:20  ©ff  27 
Febmary  1984. 

One  of  the  strengths  of  the  satellite  data 
is  that  passes  are  available  every  few  hours 
in  the  polar  regions  so  that  thermal 

be  rolXo'A'cc«  lif*0tinv9 

of  the  mesoscale  systems.  In  this  case 
several  passes  of  data  were  lost  by  the 
satellite  operators  during  the  late  morning 
of  t)ie  27  February  so  a  full  analysis  could 
not  be  performed.  Nevertheless,  with  the 
data  available  it  was  possible  to  show  that 
the  warm  core  observed  by  the  aircraft  was  a 
short  lived  feature  which  lasted  only  a  few 


2679 


hours.  The  sequence  of  data  also  support  the  idea 
proposed  by  Shapiro  et  al  that  the  warm  core 
represented  the  remains  of  warm  mid-latitude  air 
drawn  into  the  heart  of  the  system  and  trapped  in 
a  ’seclusion’  process. 


Fig  4.  Analysed  TOVS  1000-500  mb  thickness  values 
over  a  polar  low  at  13:40  GMT  27  February  1984. 

5.  NEW  SATELLITE  DATA 

Over  the  next  decade  a  number  of  polar  orbiting 
satellite  will  bo  flying  wind  scatteroraoters 
v4iich  will  provide  data  of  vaiue  for  polar  lows 
research  and  operational  forecasting.  The 
Eiiropean  EHS-1  satellite  will  be  launched  in  the 
early  1990s  and  provide  global  surface  wind 
vectors  at  a  resolution  of  50  km.  This  is  rather 
coarser  than  would  bo  liked  for  studying  the 
mesoscale  wind  field/of  vortices,  nevertheless, 
it  will  certainly  provide  a  useful  tool  for 
detecting  the  low  level  circulations  associated 
with  developing  polar  lows.  Difficulties  may  be 
encountered  due  to  ice  contamination  of  the  radar 
backscatter  values  and  this  will  be  a  problem  in 
certain  areas  of  the  Antarctic  coastal  region. 

6.  CONCLUSIONS 

Satellite  imagery  is  an  important  tooi  for  the 
forecaster  monitoring  polar  low  developments  at 
high  latitudes.  Many  factors  play  a  role  in 
triggering  the  formation  of  these  systems  and  a 
combination  of  imagery,  satellite  sounding 
profiles  and  model  output  is  needed  in  this  work. 
In  research,  further  studies  of  the  value  of 
sounder  data  are  required,  however,  the  first 
case  studies  have  indicated  that  these  data  can 
show  many  iresoscaie  features  not  resolved  by  the 
conventional  observing  network.  A  comparison  of 
TOVS  soundings  against  aircraft  observations 
within  a  poiar  low  shows  good  agreement  on  scales 
greater  than  100  km. 
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Abstract-  A  non-linear  statistical  retrieval  operator  for  precip¬ 
itation  cell-top  altitude  using  high  spatial-resolution  passive  118-GHz 
O]  brightness  spectra  is  demonstrated.  The  retrieval  operator  con¬ 
sists  of  a  Karhunen-Loive  (KL)  transformation  followed  by  a  rank 
reduction,  a  linearization,  and  a  linear  minimum  mean-square-etror 
estimator.  Information  from  the  118-GHz  data  on  the  ambient  at¬ 
mospheric  temperature  profile  and  the  precipitation  cell  size  is  also 
incorporated  into  the  linear  stage  of  the  retrieval  operator.  The 
RMS  retrieval  error  is  1.5  km  for  cumulus-stage  cells  with  tops  rang¬ 
ing  from  1.5  to  16  km.  The  sensitivity  of  nadiral  118-GHz  spectra 
to  the  cell-top  altitude  is  predominantly  due  to  the  scattering  and 
absorption  of  radiation  originating  from  low,  warm  atmospheric  lev¬ 
els  by  colder  liquid  and  frozen  precipitation.  This  effect  causes  cold 
perturbations  in  the  brightness  spectrum,  which  typically  become 
stronger  with  increasing  cell-top  altitude.  The  different  peaking- 
altitudes  of  the  clear-air  118-GHz  weighting  functions  provide  addi¬ 
tional  “altitude-slicing”  sensitivity. 

'  Key  Words-  precipitation,  retrieval,  statistical,  non-linear. 

l.-Introduttion 

Satellite-based  observations  of  precipitation  provide  a  means  , 
for  monitoring  the  global  hydrologic  cycle  over  inaccessible  regions, 
as  well  as  giving  advanced  warning  of  inclement  weather  near  pop¬ 
ulated  regions.  Precipitation  cell-top  altitude  retrievals  have  pre¬ 
viously  been  demonstrated  using  passive  measurements  of  the  in¬ 
frared  radiance  emitted  at  the  cloud  top  |1|.  However,  due  to  Mie 
scattering  and  absorption  of  infrared  rruliation  by  sub-milliimeter 
sized  hydrometeors,  passive  IR  observations  cannot  directly  probe 
beneath  non-precipitating  cloud  canopies.  At  microwave  frequencies 
such  small  hydrometeors  behave  instead  as  Rayleigh  scatterers  and 
absorbers,  and  thus  cause  significantly  less  extinction.  This  feature 
suggests  the  possibility  of  using  passive  microwave  observations  to 
directly  probe  the  larger  precipitating  particles  (i.e.,  those  of  radius 
>200  /im)  located  beneath  non-precipitating  canopies. 

The  statistical  retrieval  of  cell-top  altitude  has  been  investi¬ 
gated  using  high-resolution  passive  118-GHz  multichannel  precipi¬ 
tation  cell  imagery.  The  images  were  produced  by  the  Millimetet- 
wave  Temperature  Sounder  (MTS)  instrument  (2)  aboard  the  NASA 
ER-2  high-altitude  aircraft  during  GALE  (February,  1986)  (Sj  and 
COHMEX  (June-July,  1986)  j4).  Presented  here  are  the  results  of 
a  non-linear  statistical  118-GHz  cell-top  altitude  retrieval  technique, 
illustrating  a  systematic  method  of  parameter  estimation  from  non 
linearly  dependent  observables.  The  method  is  realized  within  a 


framework  that  allows  straightforward  incorporation  of  auxiliary  in¬ 
formation  from  both  weakly  dependent  and  strongly  linearly  lii  pen¬ 
dent  observables. 

The  embedding  of  cell-top  altitude  information  in  118-GHz 
observations  occurs  via  two  mechanisms.  First,  a  statistical  depen¬ 
dence  exists  between  the  cell-top  altitude  and  the  brightness  temper¬ 
ature  of  the  cell  top.  In  the  case  of  cells  with  tops  below  the  freezing 
level,  higher  cell-top  altitudes  ate  associated  with  increased  precipi¬ 
tation,  and  hence  increased  absorption,  which  produces  decreases  in 
brightness  for  land  backgrounds.  In  the  case  of  cells  extending  above 
the  freezing  level  increasing  quantities  of  ice  occur  in  the  cell  top. 
The  presence  of  ice  causes  strong  scattering  of  the  cold  cosmic  back¬ 
ground  radiation,  producing  large  negative  perturbations  in  bright¬ 
ness  temperature.  Second,  the  altitude  distribution  of  atmospheric 
water  in  the  troposphere  and  lower  stratosphere  can  be  probed  by 
virtue  of  the  successively  higher  peaking  altitudes  of  the  118-GHz 
clear-air  temperature  weighting  functions  [5|.  The  118-GHz  clear-air 
weighting  functions  peak  at  altitudes  ranging  from  the  surface,  for 
transparent  frequencies  located  ~2.5  GHz  from  the  118.750-GHz  tine 
center,  to  ~35  km  (well  above  most  clouds)  for  frequencies  at  the  line 
center. 

2.  Precipitation  Cell  Brightness  Spectra 

In  order  to  evaluate  the  precipitation  cell  parameter  retrieval 
capability  of  118-GHz  observations,  an  ensemble  of  279  independent 
near-nadiral  spectra  for  precipitation  cell  cores  was  compiled,  consist¬ 
ing  of  spectra  from  MTS  observations  during  GALE  and  COHMEX. 
The  observed  precipitation  cells  were  distributed  throughout  the 
southeastern  United  States,  with  most  of  the  observations  occurring 
during  summer  over  the  Huntsville,  AL  ares. 

The  optical  cell-top  altitude  a,-  of  each  cell  top  was  estimated 
by  stereoscopy,  using  the  MTS  video  images  and  the  known  alti¬ 
tude  and  speed  of  the  aircraft.  Generally,  ai  is  slightly  higher  than 
the  corresponding  microwave  cell-top  altitude  due  to  coverage  by 
optically-opaque  cirrus  shields  which  are  nearly  transparent  to  mi¬ 
crowaves.  A  noise  riai  with  an  estimated  RMS  value  of  ~1  km  is 
superimposed  on  a,  due  to  errors  in  the  stereoscopic  altitude  estima¬ 
tion  process.  The  size  s,'  of  each  cell  was  taken  to  be  the  distance 
along  the  flight  track  of  the  aircraft  over  which  the  MTS  transpar¬ 
ent  channel  brightness  perturbation  decreased  to  half  its  maximum 
value.  The  optical  cell-top  altitudes  ranged  from  2  to  16  km  and 
the  sizes  ranged  from  1.5  km  (the  resolution  of  the  118-GHz  scan¬ 
ning  spectrometer)  to  200  km.  In  addition  to  cell-top  altitude  and 
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size,  spectral  observations  were  further  classified  according  to  one 
of  two  types,  as  determined  primarily  by  the  MTS  video  imagery. 
Observations  of  convective  precipitation  cells  that  appeared  to  be  in 
their  early  stages  of  convection  were  designated  to  be  of  the  cumu¬ 
lus  (C)  type.  Observations  of  convective  cells  that  exhibited  anvils 
were  considered  to  be  mature  or  dissipating  (M). 

The  spectrum  for  the  rain  cell  is  denoted  by  a  8-vector  of 
brightness  temperature  observations  : 

5B(118.r5±0  50)f 
2B(U8.75±0.6S)i 

^S(U8.7S±l.«a)< 

where  the  component  subscripts  give  the  channel  center  frequencies 
(in  GHz),  arranged  in  order  of  decreasing  opacity.  Each  rain  cell 
spectrum  is  rm  average  of  several  adjacent  single-spot  observations. 
The  number  of  averaged  spots  (typically  4  to  8)  for  a  single  obser¬ 
vation  was  limited  by  the  size  and  structure  of  the  rain  celt  core. 
The  sampling  region  was  typically  between  5  and  10  km  along  the 
flight  track  Rain  cell  spectra  were  considered  independent  if  they 
occurred  over  distinct  cells. 

For  each  rain  cell  spectrum,  a  corresponding  clear-air  refer¬ 
ence  spectrum  Tbi  was  estimated  from  MTS  observations  in  the 
vicinity  of  the  cell.  The  perturbation  brightness  spectrum  ATb,  for 
the  «'•*  rain  cell  is  : 

ATfli  =  Tbi  -  Tbi  +  n,-  (2) 


where  each  eigenvalue  A,  is  the  variance  of  the  j‘''  component  of  the 
decomposed  spectra.  The  matrix  S  is  a  row  matrix  consisting  of  the 
eigenvectors  of  An  estimate 

matrix  oATb  obtained  from  the  cell  core  observation  ensem¬ 
ble.  The  subset  consists  of  N  =  197  observations  of  cumulus  (C)  and 
mature  or  dissipating  (M)  cells  over  land  with  sizes  s,-  greater  than 
5  km:  ^ 

^  E  ATfli  (ATBiY 

«AfBArB  = 

All  perturbation  spectra  channels  were  assumed  to  be  zero  mean; 
although  this  constraint  is  artificial,  it  does  not  affect  the  overall 
estimator  significantly. 

The  rank-reducing  projection  operator  P  passes  only  those  co¬ 
efficients  with  SNR=  {^jlon)  ~  f  greater  than  5  (f»  7  dB),  which  is 
the  criterion  adopted  in  this  analysis  for  statistisal  significance.  Us¬ 
ing  this  criterion,  only  the  first  three  rank-ordered  components  ki,k2, 
and  ki  of  the  KL-transformed  spectra  are  retained.  The  eigenvec¬ 
tors  for  these  three  modes  (Fig.  2)  filter  primarily  .  (1)  the  overall 
(frequency-weighted)  amplitude  of  the  perturbation  spectrum,  (2)  a 
linear  combination  of  the  slope  of  the  perturbation  spectrum  near 
the  118.7511.47  GHz  channel  and  the  amplitude  of  the  perturbation 
spectrum  in  the  4  most  opaque  channels  (118.7510.50  to  1.26  GHz), 
and  (3)  the  curvature  of  the  perturbation  spectrum  (respectively). 
Standard  deviations  for  the  three  components  are  129  K,  10  K,  and 
1.4  K,  respectively,  corresponding  to  SNR’s  of  48.2, 26.1,  and  8.3  dB. 
All  other  components  displayed  standard  deviations  commensurate 
with  the  instrument  noise  o„,  and  hence  are  discarded. 


where  ri,-  is  a  zero-mean  Gaussian  noise  process,  independent  among 
channels  and  observations,  and  with  standard  deviation  On  =  0.5  K 
for  each  channel. 


Precipitation  Cell-Top  Altitude 


The  retrieval  of  cell-top  altitude  from  passive  118-GKz  ob¬ 
servations  is  performed  by  a  non-linear  statistical  estimator  on  the 
perturbation  spectra.  The  altitude  estimator  a,  consists  of  an  orthog¬ 
onal  Karhunen-Loeve  (KL)  transformation  [6],  followed  by  a  rank 
reduction  operation,  a  non-linear  operator,  and  a  linear-statistical 
estimator  (Fig.  1). 


The  complexity_reduction  operation  consists  of  a  Karhunen- 
Loeve  transformation  E,  which  rotates  the  8-dimensionai  perturba¬ 
tion  spectra  space  into  tl^  8-dimen3ional  KL  basis,  followed  by  a 
rank  reduction  operation  P,  in  which  only  those  KL  components  ex¬ 
hibiting  a  signal-to-noisc  ratio  (SNR)  significantly  greater  than  unity 

are  retained  ;  _ 

ki  =  PEATsi  .  (3) 

Using  this  procedure,  only  the  statistically  significant  principal  com¬ 
ponents  of  the  perturbation  spectra  are  used  in  the  retrieval  of  cell- 
top  height  Noisy  modes,  which  contain  no  geophysical  information, 
are  discarded. 


The  KL  transformation  E  is  obtained  by  diagonahzation  of 
the  8  X  8  covariance  matrix  ^  of  the  perturbation  spectra  . 

As  0 

^ArpATo  -  ^  O  '  ^ 

As 


The  two  most  dominant  KL  coefficients  are  subsequently  lin¬ 
earized  with  respect  to  the  optical  cell-top  altitude.  The  non-linear 
operator 

“  (  fl(k)  ) 

was  derived  by  fitting  an  appropriate  curve  to  the  scatter  plot  of 
the  optical  cell-top  altitude  estimate  0(  vs.  the  KL  coefficient  kji 
for  each  channel  j.  The  criterion  used  in  constructing  the  non-linear 
mapping  was  that  the  scatter  plots  of  o,-  vs.  fy,,  when  interpreted 
as  two-dimensional  probability  distributions  Pai^  for  optipl  cell-top 
altitude  and  j"'  linearized  coefficient,  were  separable  and  maximally 
correlated. 

The  linearization  mapping  fi(£)  is  defined  by  spline  curve  fits 
to  a  series  of  selected  points.  Since  the  first  KL  coefficient  ki  follows 
a  trajectory  that  is  monotonic  with  respect  to  optical  ceil-top  alti¬ 
tude,  the  component  fi  is  a  single-valued  function  of  only  ki.  The 
spline  fit  for  ki  displays  monotonically  increasing  sensitivity  with  re¬ 
spect  to  height.  This  is  explained  by  the  onset  of  glaciation,  which 
commences  above  the  freezing  level  and  is  complete  above  the  level 
of  ice  nucleation.  The  glaciated  cell  tops  scatter  microwave  radia¬ 
tion  from  the  cold  cosmic  background,  which  decreases  the  observed 
brightness  temperatures  to  values  well  below  the  lowest  atmospheric 
temperature  The  cell-top  altitude  retrieval  capability  of  the  118- 
GHz  channels  is  also  exhibited  in  the  kj.  However,  unlike  the  first 
KL  coefficient,  the  kj  follows  a  trajectory  that  is  multiple-valued  in 
optical  cell-top  altitude  To  linearize  kt,  it  is  necessary  to  determine 
the  more  appropriate  of  two  possible  spline-fit  branches  by  hypothe¬ 
sis  testing  [6].  The  coefficient  kz  exhibited  no  significant  dependence 
on  cell-top  altitude,  and  was  ignored. 
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The  final  stage  in  Pig.  1  consists  of  a  linear  minimum  mean- 
square  error  (LMMSE)  estimator  D  =  R^j  Rji  : 

Oi  =  DAfi  +  {a)  (7) 

where  o,-  is  the  118-GHz  cell-top  altitude  estimate  for  the  i'**  cell, 
Aft  =  (ft  -  (f)).  (f)  is  the  mean  linearized  KL  coefficient^{a)  is 
the  mean  cell-top  altitude  for  the  ensemble,  and  R^  and  Ajj  are 
covariance  matrices  for  the  subscripted  quantities. 

The  root-mean-square  (RMS)  discrepancy  a,  for  the  retrieval 
over  the  observation  set  consisting  of  cumulus,  mature  and  dissipat¬ 
ing  cells  is  1.97  km  and  the  correlation  coefficient  between  or  and 
or  is  0.86.  A  significant  portion  of  <r,  is  attributed  to  the  RMS  un¬ 
certainty  of  ~1  km  in  the  optical  cell-top  altitude  a,-.  Some  of  the 
residual  is  attributed  to  the  difference  between  the  optical  and  the 
118-GHz  cell-top  altitudes.  Since  the  visible  part  of  the  spectrum 
is  highly  sensitive  to  thin  cirrus  cover,  the  estimated  optical  cell-top 
altitude  is  often  higher  than  the  retrieved  118-GHz  cell-top  altitude. 
This  hypothesis  was  tested  by  performing  the  retrieval  on  a  reduced 
perturbation  spectra  set  consisting  of  only  cumulus  (C)  convective 
cells  observed  over  land.  For  this  reduced  set,  the  average  deviation 
between  optically  estimated  cell-top  height  and  the  height  of  the 
topmost  radiometrically  opaque  precipitating  layer  is  smaller  than  if 
mature  or  dissipating  cells  are  included.  The  RMS  error  <r,  for  'the 
cumulus  set  was  reduced  to  1.6  km,  and  the  correlation  coefficient 
was  increased  to  0.91. 

The  retrieved  cell-top  altitude  using  the  118-GHz  non-linear 
statistical  method  is  plotted  in  Fig.  3  along  with  5-,  10-,  20-  and  30- 
dBZ  radar  reflectivity  contours  of  a  convective  cell  observed  during 
COHMEX.  Within  the  cell  core  (region  C),  the  retrieved  altitude 
follows  the  20  dBZ  reflectivity  contour  while  in  an  adjacent  smaller 
cell  (region  B),  the  retrieved  altitude  follows  more  closely  the  5-  to 
lO-dBZ  contour.  The  deviation  of  the  retrieved  altitude  from  the 
10-dBZ  reflectivity  contour  is  typically  within  1  km. 

4.  Inclusion  of  Auxiliary  Observations  in  the 
Retrieval  of  Cell-Top  Altitude 

Mechanisms  contributing  to  the  retrieval  discrepancy  include 
variations  in  the  altitudes  of  freezing  and  ice  nucleation.  Since  the 
118-GHz  clear-air  reference  spectra  Tbi  contain  information  on  the 
atmospheric  temperature  profile,  they  can  be  used  to  correct  cell-top 
altitude  retrievals  for  such  variations.  To  perform  this  correction, 
is  incorporated  into  the  LMMSE  operator  D  as  an  additional 
input ; 


where  ATbi  =  Tbi  -  [Tb)  and  D  is  computed  from  : 

°  ~  (?.?»)  a)  • 

Morphological  precipitation  cell  features  observable  by  a  eatelli' 
based  imaging  118-GHz  sounder  include  cell  size  s,  the  logarithm  of 
which  is  statistically  dependent  on  cell-top  altitude  with  a  correla¬ 
tion  coefficient  of  0.83.  Further  improvements  in  the  cell-top  altitude 
retrieval  resulted  from  incorporating  ln(s)  (where  s  is  in  km)  into  the 
LMMSE  estimator  : 

«  “  °  (  ihw  )  +  » 


where  Aln(s,-)  =  In(si)  -  (ln(s))  and  : 

^  ~  ^Ii(i,ln(»))  ^{i.ln(i))(i,ln(»))  • 

The  reduction  in  the  retrieval  discrepancy  <r,  by  inclusion  of  various 
118-GHz  observations  (both  primary  and  auxiliary)  is  summarized 
in  Thble  1  for  the  cumulus-only  cell  set.  The  simultaneous  use  of  all 
available  118-GHz  information  yields  the  lowest  retrieval  discrepancy 
{a,  =  1.5  km). 

SJJiscuasion 

The  118-GHz  retrievals  of  cell-top  altitude  are  the  first  per¬ 
formed  using  microwave  O2  channels.  Since  the  118-GHz  cell-top 
altitude  is  closely  related  to  the  altitude  of  the  topmost  layer  of  pre¬ 
cipitation,  it  is  a  potentially  more  useful  meteorological  parameter  for 
precipitation  monitoring  than  cloud  altitude  estimates  derived  from 
optical  or  infrared  measurements.  Since  the  RMS  error  in  the  optical 
cell-top  stereoscopic  retrieval  is  estimated  to  be  as  large  as  ~  1  km 
for  cumulus  cells,  a  lower  bound  on  the  cumulus  cell-top  altitude  re¬ 
trieval  accuracy  of  as  low  as  1.1  km  RMS  for  118-GHz  observations 
alone  is  suggested.  Although  the  non-linear  statistical  estimator  was 
constructed  specifically  for  convective  rain  cell  core  observations  over 
land,  the  techniques  of  complexity  reduction,  linearization,  linear  es¬ 
timation,  and  incorporation  of  auxiliary  observations  may  be  applied 
to  retrieval  operators  for  cell  observations  over  oceans,  as  well  as  for 
the  retrieval  of  geophysical  parameters  in  other  areas  of  passive  and 
active  remote  sensing. 
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Figure  1;  Block  diagram  illustrating  the  non-linear  statistical  r^ 
trieval  method.  (1)  Karhunen-Loive  transformation,  (2)  rank  reduc¬ 
tion,  (3)  non-linear  mapping,  (4)  LMMSB  estimator,  (5)  received  sig¬ 
nal  covariance  estimate,  (6)  linearized  coefficient  covariance  estimate, 
(7)  optical  cell-top  altitude  and  linearized  coefficient  cross-covariance 
estimate,  (8)  cell-top  altitude  mean  estimate.  The  dashed  lines  rep¬ 
resent  off-line  operations. 


li8.75-GHz  Line  Offset  Frequency  (GHz) 

Figure  2;  The  three  most  significant  components  (along  with  stan¬ 
dard  deviations)  in  the  MTS  118-GHz  cell-core  perturbation  spectra. 


Observations 

RMS  discrepancy  <r. 

Correlation 

included 

(km) 

coefficient 

(  a-priori ) 

3.85 

- 

b 

3.65 

0.324 

c 

2.16 

0.828 

b,c 

2.04 

0.848 

a 

1.63 

0.906 

a,c 

1.61 

0.909 

a,b 

1.53 

0.917 

n,b,c 

1.50 

0.921 

118-GHz  observations 

a 

Linearized  rain  cell  perturbation  spectra 

1 

b 

Clear-air  reference  spectra 

% 

c 

Logarithm  of  cell  size 

_ '»(») 

Table  1;  RMS  discrepancies  <r,  and  correlatbn  coefficients  of  re¬ 
trieved  cell-top  altitude  Sj  vs.  optical  cell  top  altitude  or  for  inclusion 
of  various  auxiliary  118-GHz  observations  in  the  LMMSE  estimator. 


Distance  (km) 


Figure  3.  II8-GK7,  non-linear  cell-top  altitude  retrieval  compared 
to  coincident  radar  observations  of  a  convective  precipitation  cell 
couplet.  The  three  regions  (A),  (B),  and  (C)  denote  the  anvil,  an 
adjacent  cell,  and  the  main  cell  core,  respectively  (COHMEX  July 
11,  1986,  2152  to  2200  UTC). 
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Abstract 

Radiative  transfer  simulations  over  a  variety  of  environmental  and  operational 
parameters  were  performed  in  order  to  evaluate  the  sensitivity  of  satellite  signals 
to  the  presence  of  polluting  aerosols  such  as  sulfates  and  carbonaceous  soot.  We 
present  various  examples  of  critical  paramctcrizations  which  are  essential 
towards  an  understanding  of  the  feasibility  of  a  sulfate  inversion  methodology. 

Rdsumd 

L'objcclif  de  cette  recherche  est  la  determination  de  la  sensibiliti  des  luminances 
satellitaires  h  la  pollution  des  adrosols  tcis  que  les  sulfates  ou  la  suic.  Nous 
avons  effectue  une  serie  de  simulation  thdorique  du  transfert  radiatif  dans  unc 
large  gamme  de  parambtres  environnementaux  et  de  contraintes  opdrationnclles. 
Des  exempics  de  paramdterisation  sont  monirds  et  discutis.  Ce  types  d'analyse 
est  un  prialablc  h  la  comprehension  et  au  ddveioppement  des  mdthodcs 
d'inversion  des  tcncurs  cn  sulfate. 

Introduction 

The  objective  of  the  present  study  was  to  simulate  the  atmospherically  scattered 
signal  received  by  a  satellite  sensor  and  hence  to  evaluate  the  sensitivity  of  this 
signal  to  atmospheric  aerosols  in  general  and  to  atmospheric  pollutants  in 
particxilar.  The  emphasis  of  the  investigations  was  on  broadband  scattering  and 
continuum  absorption  effects  (i.e.  the  ievcl  of  information  which  can  be 
extracted  from  typical  remote  sensing  satellites)  rather  than  the  high  spectral 
resolution  features  characteristic  of  structured  molecular  absorption  phenomena. 

The  simulations  were  performed  as  a  function  of  environmental,  geometrical  and 
operational  parameter  constraints.  The  environmental  modelling  included  the 
effects  of  urban  and  rural  type  aerosols  where  the  absolute  and  relative 
concentration  of  water  soiubic  (sulfate)  particles  was  allowed  to  vary  and  where 
particle  growth  and  refractive  index  effects  of  relative  humidity  were 
incorporated.  Combined  aerosol  modes  which  included  fine  particle  (sulfate 
based),  coarse  particle  (dust  like),  and  absorptive  aerosols  (carbon  based)  were 
incorporated  as  external  (independent)  aerosol  mixuires. 

Numerous  studies  have  shown  that  ground  level  scattering  coefficients  and 
measures  of  visibility  are  strongly  correlated  with  the  sulfate  component  over 
urban  and  rural  sites  (074cili  et  al.,  1989).  Other  researchers  have  observed  that 
scattering  by  carbonaceous  products  and  ammonium  nitrate  can  be  important  at 
least  in  urban  areas  (Sloane,  1983)  while  absorption  by  carbonaceous  soot  may 
slgnificar.tiy  affect  the  light  scattering  budget  in  rural  areas  (Japar  et  a! .  1986) 
and  in  particular  over  urban  sites  (Rosen  et  al.,  1978). 

These  types  of  optical  conelations  have  inspired  a  few  rcseachcrs  in  the  remote 
sensing  Held  to  investigate  the  applicability  of  satellite  optical  imaging  as  a 
means  of  monitoring  at  least  the  most  optically  important  atmospheric 
pollutants.  The  principal  application  of  satellite  detection  methodologies  to  dale 
has  involved  the  detection  of  massive  aerosol  dust  clouds  where  the  optical 
effects  are  actually  dominated  by  supermicron  dust  particles.  In  terms  of  the  Tine 
particle  mode  a  number  of  researchers  have  auempted  to  cxuact  indicators  related 
to  sulfate  loading  f;  im  satellite  images  (Lyons,  1980;  Fraser  and  Kaufman, 


1984).  These  investigations  were  primarily  empirical  in  nature  and  sought  to 
compare  satellite  derived  estimatesof  sulfate  content  with  a  comparatively  few 
ground  based  measurements.  The  simulation  approach  employed  in  this  study 
permits  a  more  flexible  and  fundamenuU  understanding  of  the  important  variables 
in  the  error  budget  for  extracting  sulfate  contenu 

General  Approach 

Aggregate  aerosol  models  consisting  of  three  externally  mixed  (independent) 
particle  size  modes  (carbonaceous  soot,  water  soluble  and  dust  like)  were  used  as 
standard  inputs  throughout  the  simulations.  The  hygroscopic  component  of 
these  aggregate  aerosol  models  was  assumed  to  be  primarily  due  to  the  narrow 
fine  particle  water  soluble  mode  which  itself  was  assumed  to  consist  primarily 
of  sulfate  particles.  The  effects  of  relative  humidity  were  then  incorporated  by 
applying  a  particle  growth  model  to  the  sulfate  component  of  the  flne  particle 
m^e  and  computing  the  modified  size  distribution  (O'Neill  ci  al..  1989). 

Four  aggregate  models  which  could  be  characterized  Its  cithor  urban  (high 
carbonaceous  soot  concentration)  or  continental  were  dcFincd  .  Standard  and 
'variant'  versions  of  both  the  urban  and  continental  models  were  denned  such 
that  in  the  former  case  the  sulfate  component  covaried  with  the  other 
components  while  in  the  latter  case  the  sulfate  component  varied  independently 
of  the  other  components. 

Assuming  spherical  particles,  a  Mie  scattering  code  was  utilized  to  compute  the 
scattering  and  absorbing  parameters  characterizing  the  aerosol  components  in  a 
point  volume.  The  component  parameters  were  then  optically  avemged  to  obtain 
the  aggregate  aerosol  optical  (point  volume)  parameters  and  subsequently 
integrated  over  altitude  assuming  that  the  aggregate  aerosol  particle  size 
distribution  was  itself  independent  of  altitude.  The  columnar  optical  parameters 
so  obtained  were  then  entered  into  a  radiative  transfer  model  to  simulate  the 
signal  received  by  a  satellite  sensor  over  a  variety  of  operational  and 
environmental  parameters.  These  parameters  included  columnar  sulfate 
concentration,  sensor  passband,  surface  reflectance,  aggregate  aerosol  model, 
carbonaceous  soot  absorption  and  relative  humidity. 

Optical  Parameter  Variations 

Figure  1  shows  Mie  based  calculations  of  the  variation  of  the  sulfate  mass 
scattering  efficiency  as  a  function  of  (dry)  effective  radius  (O'Neill  cl  al.,  1989) 
for  a  nurnb^  of  different  relative  humidities.  This  parameter  which  describes  the 
rate  of  increase  of  the  aerosol  scattering  coefficient  with  the  dry  mass 
concentration  of  sulfates  is  the  critical  optical  parameter  for  describing  non 
cumulative  optical  effects  of  aerosols.  In  particular  it  is  essential  for 
discriminating  sulfates  from  the  other  Fine  particle  constituents.  It's  value 
depends  on  (i)  the  presence  and  covariance  of  other  flne  panicle  constituents  (ii) 
relative  humidity  and  to  a  lesser  degree  on  (iii)  the  dimensions  of  the  dry  water 
soluble  particles  (c.f.  Figure  1). 

Specifleation  of  the  sulfate  mass  scattering  efficiency  plus  the  integrated  sulfate 
mass  concentration  is  generally  sufficient  to  quantitatively  describe  the  variation 
of  cxo-atmosphcric  apparent  reflectance.  It's  value  must  accordingly  be  measured 
or  estimated  for  a  given  scene. 
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Radiative  Transfer  Modei 

The  modei  employed  for  the  radiative  transfer  caiculations  was  the  SS  model 
(Tanrd  et  al..  1985).  This  model  is  a  multiple  scattering  analytical  solution  to 
the  radiative  transfer  problem  posed  in  a  plane  parallel  vertically  homogeneous 
atmosphere.  It's  principal  feature  is  an  impressively  rapid  esccution  time  suited 
to  the  data  intensive  requirements  of  remote  sensing  (Royer  et  al,  1988). 
Investigations  into  the  opdmal  model  which  best  combined  the  requirements  of 
speed  and  accuracy  indicated  that  the  SS  model  with  certain  qualifications  was  the 
best  compromise  for  purposes  of  satellite  data  inversion.  'Ihcsc  investigations 
included  an  analysis  into  the  effects  of  vertical  inhomogenity  in  the  atmosphere. 

Variation  of  aggregate  aerosol  model 

Figures  2a  and  2b  are  plots  of  apparent  reflectance  versus  equivalent  sulfate 
surface  concentration  for  the  four  number  density  models  (urban  standard  and 
variant  and  continental  standard  and  variant)  surface  reflectances  of  0.0  and  0.5, 
an  assumed  scale  height  of  1  km  and  for  two  diffcient  relative  humidities. 

In  the  case  of  zero  surface  reflectance  the  dominance  of  sulfate  scattering  over  the 
contributions  of  the  other  particles  explains  in  part  the  lack  of  difference  between 
the  apparent  reflectances.  A  second  more  subtle  reason  derives  from  the  fact  that 
the  main  difference  between  the  models  is  the  variation  in  the  optical  effects  due 
to  the  soot  component.  The  addition  Of  soot  particles  (as  occurs  in  changing 
from  the  continental  standard  to  the  urban  standard  atmosphere)  causes  a  roughly 
equivalent  increase  in  both  the  scattering  and  absorption  volume  coefficients  of 
this  componenL  The  consequence  of  this  is  that  the  change  in  aggregate  aerosol 
modei  is  nearly  transparent  to  a  satellite  measurement  of  apparent  reflectance. 

Such  is  not  the  case  for  a  large  surface  reflectance  where  the  attenuating 
properties  of  the  atmosphere  dominate  the  apparent  reflectance  measurement. 
Here  the  absonive  and  scattering  increases  due  to  the  soot  particles  arc  actually 
combined  since  scattering  in  this  context  plays  an  attenuating  role.  The  net 
effect  is  a  decrease  in  apparent  reflectance  which  is  characteristically  different  for 
the  larger  soot  concentraUon  (urban  model). 

Ground  albedo  effects 

The  most  notable  effect  of  variations  in  surface  r  flcctance  is  clearly  the  change 
in  slope  from  postive  to  negative  as  the  surface  leflcctance  is  increased  (Figures 
2  to  4).  This  phenomenon  which  has  serious  implications  in  terms  of  inversion 
algorithms  for  sulfate  concentration  is  due  to  the  competing  influences  of 
aunosphcric  attenuation  and  absorption.  The  retlectance  for  which  the  slope  is 
actually  zero  (Chartier  et  al.,  1989)  is  indcco  a  singularity  at  which  the  two 
influences  balance  (independently  of  variations  in  aunosphcric  optical  thickness). 
For  surface  reflectances  below  this  crUtcal  surface  reflectance  the  satellite  signal 
is  dominated  by  scattering  effects  and  accordingly  increases  with  an  increase  in 
the  number  of  scattering  particles  (sulfate  particles).  I  f  the  actual  surface 


reflectance  is  greater  than  the  critical  surface  reflectance  then  attenuation  effects 
of  surface  reflected  photons  dominate  and  the  satellite  signal  actually  decreases 
with  an  increase  in  the  number  of  scattering  particles.  An  inversion  scheme 
operating  on  pixels  near  the  critical  reflectance  value  is  clearly  fraught  with 
instability. 

Relative  humidity  effects 

Referring  to  Figure  3,  one  can  observe  the  significant  effects  of  relative 
humidity  on  the  computed  value  of  apparent  reflectance  over  a  mngc  of  relative 
humidities.  At  a  surface  reflectance  of  zero  (Figure  3a)  the  increase  in  apparent 
reflectance  with  increasing  sulfate  is  most  significant  when  the  relative  humidity 
is  high  and  the  scattering  cross  sections  of  a  given  concenuation  of  sulfate 
particles  arc  maximum.  At  large  reflectances  above  the  critical  reflectance 
(Figure  3b)  the  effects  of  attenuation  dominate  and  the  larger  cross  sections 
associated  with  higher  relative  humidities  effect  a  decrease  in  apparent  reflectance 
as  the  relative  humidity  increases.  At  values  of  reflectance  near  the  critical 
reflectance  one  obuins  a  flat'or  nearly  flat  icsponse  curve  for  apparent  reflectance 
versus  sulfate  concentration. 

Dependence  on  satellite  bands 

A  more  relevant  description  of  the  apparent  reflectance  variation  seen  in  Figure  3 
is  in  terms  of  signal  to  noise  ratios  ^able  1).  The  apparent  reflectance  variations 
(90%  relative  humidity,  surface  reflectance  =  0)  between  0  and  50  \l%Irtfi  were 
integrated  over  the  passbands  of  a  number  of  satellite  sensors  and  normalized  to 
the  respective  noise  plus  radiometric  resolution  figures  for  each  sensor. 


Teblv  1  Arparint  rallictanca  vsriaticn  corraiponiling  to  an 
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It  is  clear  that,  for  small  surface  reflectance,  only  those  sensors  with  10  bit 
resolution  (or  for  which  the  dynamic  range  suaddlcs  the  low  reflectance  range 
characteristic  of  atmospheric  phenomena)  can  yield  suffiLiont  information  on  the 
signal  variations  due  to  sulfates.  Of  particular  note  arc  the  (nominal)  S/N 
features  for  the  SEAWIFs  sensor. 

Viewing  Geometry 

Figure  4  shows  the  variauon  of  the  apparent  reflectance  as  a  function  of  sulfate 
concentration  for  different  values  of  viewing  zenith  angle.  The  left  hand  side  of 
each  graph  corresponds  to  look  dirccuons  on  the  anti  solar  side  (observers  back 
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(0  the  sun)  while  the  right  hnnd  side  of  each  graph  represents  the  solar  side. 

For  zero  surface  albedo  the  apparent  reflectance  dependence  on  viewer  geometry 
is  predominantly  a  function  of  viewing  zenith  angle  and  can  be  taken  as  being  ~ 
I/cos9  Second  order  effects  are  induced  by  the  angular  form  of  the  scattering 
phase  function. 

At  huge  surface  reflectance  the  apparent  reflectance  response  curves  are  somewhat 
complicated  by  the  competing  effects  of  scattering  and  attenuation.  The  non 
linearities  observable  in  Figure  3b  are  in  fact  further  exaggerated  at  large  zenith 
angles  where  scattering  effects  become  increasingly  more  important.  Figure  4b 
.shows  that  in  the  case  of  large  surface  reflectance  a  more  promising  variation  to 
consider  is  the  derivative  of  the  apparent  reflectance  with  respect  to  tlic  cosine  of 
'he  observer's  zenith  angle.  It  should  be  noted  however  that  the  reasonably 
monotonic  increase  of  apparent  reflectance  with  increasing  sulfate  concentration 
is  not  large  and  accordingly  implies  a  fine  signal  sensitivity  requirement.  As 
well,  the  underlying  assumption  of  diffuse  Lambertian  reflection  which  was 
employed  in  the  simulations  clearly  has  some  impact  on  the  results. 

Sulfate/Oust  Discrimination 

One  of  the  must  critical  elements  in  the  development  of  un  inversion 
methodology  spcciflc  to  sulfates  is  clearly  how  to  distinguish  the  radiative 
transfer  effects  of  sulfate  from  those  of  other  aerosol  contributors.  The  most 
readily  accomplished  discrimination  is  effected  between  the  dust  like  and  sulfate 
components.  Figure  S  shows  some  calculalions  of  apparent  reflectance  as  a 
function  of  wavelength  for  a  fixed  total  aerosol  content  (defined  in  terms  of  the 
total  aerosol  optical  depth  at  O.SS  tim).  In  order  to  better  isolate  the  relative 
influence  of  dust  and  sulfate  particles  tlie  separate  curves  have  been  calculated  for 
pure  samples  of  each  type  of  particle. 

APPARHHT  BBFLBCTAMCB  -  BATLBIOH  COMPOHBMT  TS  WATELBM 
POB  BULFATS  ABD  OUfT-UKE  ABBOSOL 
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As  tlie  wavelength  increases  from  the  visible  spectral  region  to  the  near  IR  one 
can  characterize  a  transition  of  sulfate  paru'cles  from  optically  small  (I  <  2iircfr/ 
X  <  10)  to  optically  very  small  (2nrcrr/X  <  1)  and  dust  like  particles  from 
opUcally  large  (2nrcfr  /  X  >  10)  to  optically  small.  The  net  effect  of  these  shifts 
in  effective  optical  size  is  to  produce  a  duminance  of  sulfate  scattering  in  the 
visible  and  a  dominance  of  dust  scaucring  in  the  near  IR. 

This  example  illustrates  well  ih.ni  spcciml  ifm  can  be  employed  to  discrimirrate 
the  difference  between  particle  modes.  It  is  however  (tilficult  to  envisage  a 
spectral  inversion  scheme  which  could  successfully  separate  the  effects  of  fine 
particle  seattcring  constituents  such  as  nitrates  and  sullalcs.  In  this  case  one 
must  rely  on  independently  determined  values  of  sulfate  mass  scaicring 
efficiency  to  separate  the  vertically  integrated  mass  concenuauon  effects  of  other 
fine  particle  mode  constituents. 


Summary  and  Conclusions 

The  variability  of  the  simulated  signals  indicate  that  information  on  the 
vertically  integrated  contribution  of  submicron  scattering  and  absorbing  aerosols 
can  be  usefully  cxiractcd.  Inasfar  as  one  can  assume  invariant  aerosol  scale 
heights  this  extracted  information  can  be  correlated  with  ground  level 
coneenlrations. 

Fine  mode  particles  can  be  disunguished  from  coarse  particles  by  exploiung  the 
spectral  dependence  of  the  apparent  reflectance.  Sulfate  disenminauon  within  the 
fine  particle  mode  is  more  a  function  of  the  preeiiiui'.  with  which  the  sulfate 
mass  scattering  efficiency  con  be  measured  or  computed. 

Inversion  algorithms  should  be  restricted  to  reflectances  well  below  .and  above 
the  Kaufman  critical  surface  reflectance.  For  the  aggregate  aerosol  models 
employed,  we  found  that  the  satellite  signal  was  fairly  insensitive  to  the 
presence  of  carbonaceous  soot  over  small  surface  reflectances  (scattering 
atmosphere)  but  conversely  was  strongly  dependent  over  high  surface 
reflectances.  This  suggests  that  an  inversion  methodology  would  be  best  served 
by  formulating  the  sulfate  inversion  around  low  reflectance  pixels  in  the  image 
and  the  soot  inversion  around  high  reflectance  pixels.  * 

The  extraction  of  mass  loading  parameters  from  the  toml  signal  received  by  the 
satellite  sensor  implies  some  apnort  knowledge  of  the  ground  surface  reflccuince 
in  the  satellite  image.  To  a  certain  degree  this  requirement  can  be  ciieumvcntcd 
by  restricting  measurements  to  spectral  regions  and  scene  surfaces  whose 
reflectance  is  small.  However  to  fully  exploit  the  potenual  of  the  satellite  data 
requires  the  establishment  of  reflectance  calibrauon  sites  and  the  employment  of 
multi-angle  and  multi-temporal  techniques. 

The  Landsat  SEAWIFS  sensor,  due  to  be  launched  in  1991,  offers  a  spectral 
resolution,  repetition  rale  (2  days),  an  image  overlap  capability  and  a  radiometric 
resolution  which  more  closely  approximate  the  requirements  for  passive 
atmospheric  remote  sensing.  Within  the  near  future  the  HIRIS  and  MODIS 
sensors  possibly  coupled  with  vertical  structure  data  from  the  laser  sounder 
(LAS  A)  represent  the  realization  of  a  sensor  package  for  which  one  of  the  major 
design  consuaints  was  tlie  remote  sensing  of  atmospheric  constituents,  liic 
latter  sensors  will  be  part  of  the  EOS  space  station  package  to  be  launched  in 
1995. 

This  project  was  supported  by  the  Ontario  Ministry  of  the  Environment  (Project 
No.  3490)  ondNSERC  (grant  No.s  A8643  andAI765). 
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Abstract 

Based  on  analysis  of  SAR  data  and  on  theoretical  predictions, 
observations  are  presented  regarding  improved  performance  fiom 
airborne  and  spaceborne  SARs  when  observing  ocean  waves.  The 
data  set  includes  both  open  water  waves  and  waves  moving  nndci 
a  lloating  ice  field.  The  theory  summarized  includes  both  known 
and  new  results. 

Key  Words:  SAR,  Ocean  Wave,  Spectrum 

1  Introduction 

LIMEX  (Labrador  Ice  Margin  ENperiment)  and  LEWEX  (Lab¬ 
rador  Extreme  Waves  Experiment),  occuiring  simultaneously  in 
March,  1987,  olfcicd  the  opportunity  of  using  airborne  SAR  (syn¬ 
thetic  aperture  radar)  to  image  “known”  surface  gravity  waves 
both  in  the  open  ocean  and  penetrating  into  floating  ice  (Vachon 
tl  n/.,'19SS;  Raney  el  at.,  1989).  Having  two  distinctly  dilfeient 
reflecting  media,  ice  and  water,  subjected  to  the  same  gross  wave 
dynamics,  presented  uni(|uc  experimental  conditions  for  obsciv- 
ing  and  logically  separating  key  parametric  aspects  of  the  SAR 
imaging  process. 

Quantitative  use  of  SAR  systems  from  space  for  estimation  of 
ocean  wave  directional  spectia  depends  on  two  principal  consid¬ 
erations:  radiometric  icsiioiisc  leading  towards  calibration  willi 
respect  to  wave  height;  and  useful  fidelity  in  the  neimuth  diixcliou 
(along  track)  of  the  SAR-derived  spectral  components.  Using  e.x- 
perimcntal  airborne  SAR  data  from  LIMEX/I-EWEX,  together 
with  analysis,  progress  has  been  made  in  both  areiis. 

The  role  of  time  dependence  on  the  azimuth  response  in  SAR 
wave  observation  is  central  to  wave  sjicctral  estimation.  'I'wo 
classes  of  motion  need  to  be  considered:  radar  sensitive  cohoenl 
motion  of  the  sea  (orbital  velocity),  leading  to  velocity  bunching 
(spatial)  non-linearities  and  spectral  cut-off  (coherence  time  lim¬ 
itation);  and  non-eoherenl  motion  (pliase  velocity),  tlic  cause  of 
“focus”  dependence  of  SAR  wave  imagery  and  the  basis  for  spec¬ 
tral  ambiguity  removal.  Wo  suggest  system  considerations  con¬ 
cerning  airborne  and  spaceborne  SAR  design  intended  to  provide 
better  estimates  of  ocean  wave  spectra. 


I’aiis  W.  V.u'hon 

Data  .'\((|uisition  Division 
Canada  Centie  for  Remote  Sensing 
2101  Sheffield  Rond 
Ottawa,  Ontario  KIA  0Y7 


2  Radiometric  Response 

If  correctly  calibrated,  a  SAR  might  be  considcicd  an  “imag¬ 
ing  scatterometer”.  A  SAR  system,  including  tlie  image  pioccs- 
sor  and  spectral  analysis  stages,  preserves  calibratabic  estimates 
of  mean  reflectivity  (Raney,  1983;  Raney  and  Vachon,  198Sa) 
if  and  only  if  the  power  norm  is  used  in  the  image  domain  and 
the  spectral  transform  is  simply  a  Fourier  transfoim.  If  this  ap- 
pioach  is  taken,  the  mean  reflectivity  is  pioportionai  to  tiie  “DC 
digital  number”  in  the  transform  domain.  (It  should  be  noted 
that  “conventional”  SAR  processors  use  the  si/unre  root  of  im¬ 
age  power,  and  that  “conventional”  spectral  analysis  uses  the 
squan  of  the  Fourier  Itausform  magnitude,  which  arc  not  cnergj’ 
conserving,  even  in  combination.)  Having  the  mean  lellcctivity, 
the  wave  (image)  contrast  is  (piantitalively  c.xpiessed  in  the  di- 
lectional  spectral  domain  as  variance  ns  a  function  of  (vector) 
wavenumber,  when  norm.ilized  by  the  DC  digital  number.  Un¬ 
der  the  assumption  that  the  azimuth  coin|>unent  of  the  wave  im¬ 
age  spectrum  is  pieserved,  this  appioach  has  been  veiified  using 
f.lMEX/LEWEX  data  (Raney  el  ah,  1989). 

The  remaining  r.adiometric  issue  concerns  lelating^the  lellcc¬ 
tivity  variance  to  useful  physical  properties  such  as  wave  height. 
'I'liis  reriuires  understanding  and  appropriate  modelling  of  the 
four  principal  conditions  governing  wave  reflectivity:  hydrody¬ 
namic  modulation;  tilt  modulation;  velocity  bunching;  and  co¬ 
herence  time  limitations.  Finding  a  practical  relationship  be¬ 
tween  a  directional  image  spectiuni,  and  the  desired  diicctional 
wave  height  for  slope)  spectrum,  at  least  in  our  view,  lerpiiies 
additional  progress. 

The  principal  dificrence  between  waves  on  the  ocean  and  the 
same  waves  that  have  penetrated  a  field  of  floating  ice  is  that 
in  the  ire,  the  longer  wavelengths  survive,  whereas  the  shorter 
waves  (from  capillaries  to  waves  of  length  comparable  to  about 
one  half  of  the  average  floe  size)  are  (ptickly  suppressed.  Fiom 
a  SAR  point  of  view,  this  means  that  in  the  open  sen  all  four 
lellcctivity  conditions  apply,  whereas  in  tlie  ice  field  the  veiocily 
buncliiiig  mechnnism  inedomiiintcs.  Experimeiitally,  this  means 
that  it  should  be  possible  to  estimate  the  lelativc  impoilance 
of  the  various  scattering  mechaiiisms  thiough  comparison  of  le- 
latcd  ocean  and  ice  wave  image  properties.  This  is  the  subject  of 
ongoing  work. 


2689 


3  Time  Dependency 

There  arc  two  aspects  to  tlic  time  clepeiuleiicy  of  tlie  aziinutli 
response  of  a  SAR  when  observing  a  wave  field:  coherent  and 
non-coherent.  Tlic  key  parainters  introduced  in  this  section  arc 
summarized  in  Table  1. 

3.1  Coherent 

It  is  well  known  that  the  SAR  coherent  (single-look)  intcgia- 
tion  time  is 

Tl  =  (seconds)  (1) 

dependent  on  radar  wavelength  A,  single-look  azimuth  resolution 
P4,  and  the  component  of  vehicle  velocity  parallel  to  the  earth’s 
surface  Vtan-  The  integration  time  is  proportional  to 

Tr  =  (seconds)  (2) 

mN 

which  we  denote  as  the  (range  dependent)  radar  vUegmtiou  ttmc 
constant.  This  time  constant  is  appropriate  for  system  considera¬ 
tions  that  are  time  dependent  in  proportion  to  radar  slant  range. 
In  particular,  when  the  scene  cohennee  lime  r  is  less  than  T/., 
reduced  azimuth  wave  response  results  (Raney  1983),  character¬ 
ized  as  an  “azimuth  cut-  off”  (e.g.  Motraldo  atrd  byzenga,  I'Kfi). 
This  is  often  expressed  in  terms  of  the  "11  over  V  ratio".  If  the 
minimum  detectable  ocean  wavelerrgth  is  taken  as  two  azimrrth 
resolution  cells,  Moiraldo  aird  Lyzenga’s  minimum  wavelerrgth 
expression  may  be  used  to  firrd 

^  **  2^  (seconds)  (3) 

showing  T  to  be  proportional  to  radar  waveloirgth  atrd  mvctsely 
proportional  to  the  sqrraro  root  of  sigirificant  wave  height. 

It  is  also  well  knowtr  that  “velocity  burrchtrrg”  plays  a  major 
role  in  the  SAR  azimuth  wave  image  formation  process.  Whereas 
most  analyses  of  velocity  bunchitrg  are  expressed  in  terms  of  the 
"R  over  V”  ratio,  we  feel  that  this  is  not  appropriate.  Veloc¬ 
ity  bttnchiirg,  although  artsitrg  fronr  colrererrt  propertres  ol  the 
Doppler  domain,  is  a  jnrrcly  georrrctrrc  elfccl  irr  the  sense  that  rls 
impact  is  not  proportional  to  iirtegratrorr  time.  We  irruch  prefer 
that  the  geometric  image  properties  be  expressed  rit  terms  ol  the 
SAR  dwell  constant 

Tn  =  (seconds)  (>1) 

vtan 

where  IJ  is  the  sensor  altitude  above  nadir.  Variations  irr  veloc¬ 
ity  bunching  naturally  occur  as  a  furretion  of  irrcidence  angle  and 
wave  aspect,  and  may  be  expressed  with  appro|)riate  trigoirorrret- 
ric  weighting  factors  (Raney  and  Vachon,  19SSa). 

Whereas  the  distinction  between  the  “SAR  dwell  coirstant” 
and  the  “integration  time  constarrt”  may  appear  to  be  frivolous, 
we  observe  that  they  play  different  roles  in  the  SAR  wave  imag¬ 
ing  problem.  Using  LIMEX  wave  in  ice  data  (Rairey  el  a/.,  1989), 
measurements  show  that  wave  image  corrtr.vrt  ittrreA.tp<;  wirlr  in¬ 
creasing  incidence  arrgle,  consistent  with  velocity  birrrchirrg  pre¬ 
dictions  in  the  abserree  of  coheretree  time  lirnitatiotrs.  Whett  co¬ 
herence  time  is  itrcluded  in  the  model  (Rarrcy,  1980),  air  addi¬ 
tional  coherence  factor  of 

1 

(5) 


h  +  iTUry 


Table  1:  SAR/Wave  performance  parameters, 


SAR  dwell  constant 

?’/;  =  ///I'tan 

seconds 

One  look  integration  time 

Tl  =  /{A/2p,i  I'TAN 

seconds 

Integration  time  constant 

Tn  =  R/Vtan 

seconds 

Coherence  time 

r  =  \|2^/J^s 

seconds 

Exposure  time 

T,v  =  T/(Sin(/?) 

seconds 

Relative  phase  velocity 

dCo  =  Co /I'TAN  cos{d>) 

Scale  perturbation 

S  =  (l-dCo) 

Coherence  factor 

i/^i  +  {niry 

appears  (see  Eq.  1  Raney  and  Vachorr,  1988a)  irr  the  amplitude 
weighting  term,  thus  suppressing  the  onset  of  iron-linearities  as 
the  integration  time  exceeds  scene  coherence  time.  When  the 
Tifr  term  is  large,  it  dominates  the  coherence  factor  which  then 
is  nearly  proportional  to  (R/Vtan)”’-  h>  this  case,  it  tends  to 
offset  the  ///Vtan  which  is  preweiit  duo  to  velocity  bunching,  but 
not  exactly.  They  are  not  inter-changeable.  The  lack  of  time 
coherence  compensates  to  some  extent  for  the  geometric  velocity 
bunching  non-linearities.  We  conclude  that  in  order  to  extend  the 
linear  dynamic  range  of  a  SAR  observing  waves,  “some"  scone 
coherence  time  limitation  is  beneficial  from  the  point  of  view  of 
SAR  svavc  imago  fidelity. 

An  experiment  could  be  designed  to  lake  advantage  of  cer¬ 
tain  geometric  properties  of  velocity  bunching.  Since  the  spatial 
scale  of  the  azimuth  wavelength  is  dependent  on  the  sign  of  the 
sensor  velocity  relative  to  the  azimuth  wavenumber,  the  nonlin¬ 
earity  resulting  from  velocity  bunching  is  likewise  affected.  (This, 
as  predicted,  has  been  observed  in  LIMEX/LEWEX  data.)  By 
gathering  wave  data  both  “up- wave”  and  “down- wave",  the  re¬ 
sponses  could  be  compared,  and  the  relative  contribution  of  the 
non-linear  component  estimated.  Image  contrast  resulting  from 
the  other  mechanisms  would  be  the  remainder.  The  approach 
should  be  qualified  with  wave  in  ice  data,  their  applied  to  the 
open  water  case.  The  first-order  effects  should  not  depend  on 
coherence  lime  limitations. 


3.2  Non-coherent 


It  is  known  that  the  phase  velocity  of  waves  merits  fundamen¬ 
tal  consideration  in  the  SAR  wave  imaging  problem  (Raney  and 
Vachon,  1988b).  The  principal  ideas  are  addressed  here  under 
three  general  headings:  scale  distortion;  multi-look  spectral  pro¬ 
cessing;  and  directional  ai.ibiguity  removal.  In  each  case,  we  now 


h.avc  experimental  results  from  LIMEX/LEWEX  data  consistent 


with  earlier  predictions. 


3.2.1  Scale  Distortion 

Consider  a  wave  field  moving  at  (phase)  velocity  Co  and  direc¬ 
tion  d’  relative  to  the  along  track  vector  of  an  observing  scanning 
sensor  with  speed  I'tan-  The  resulting  image  will  have  a  scale 
error  along  track  in  the  ainoiml 
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The  elTcct  is  very  sigiiincaitl  for  most  aircraft  imaging  geome¬ 
tries,  but  is  negligible  for  most  satellite  imaging  situations.  Its 
application  for  scale  correction,  in  cither  the  image  domain  or 
the  spectral  wavenumber  domain,  is  known. 

The  main  message  in  scale  distortion  is  that  the  scene  re¬ 
flectivity  pattern  moves  during  observation.  For  a  SAR,  the  data 
required  to  form  the  total  multi-look  image  may  be  gatheicd  over 
an  interval  of  several  seconds  from  each  spatial  position  in  the 
scene.  The  total  exposure  lime  7’^  is  an  important  parameter  in 
this  and  related  contexts,  and  is  given  by  the  product  of  the  in¬ 
tegration  time  constant  and  the  angular  extent  sin(/3)  over  which 
the  SAR  beam(s)  gather  data  for  looks, 

3.2.2  Spectral  Processing 

For  a  moving  scene,  individual  images  of  that  scene  taken  at 
different  times,  will  appear  in  different  locations.  Conventional 
SAR  processing,  which  “always”  combines  looks  as  if  the\  wcie 
motionless,  creates  motion  blur  in  the  composite  image  which 
subsequent  processing  cannot  correct.  The  severity  of  the  bim  is 
proportional  to  7|v.  As  a  result,  directional  spectra  derived  fiom 
such  an  image  show  decreasing  contrast  with  increasing  range, 
all  else  equal.  (For  some  geometries,  this  is  an  additional  cause 
of  “azimuth  cut-off”,  although  from  a  non-coherent  cause.)  We 
denote  the  standard  approach  to  such  spectral  calculations  as 
“look-sum”,  since  the  looks  are  summed  prior  to  Fourier  trans¬ 
formation. 

Some  improvement  in  spectral  contrast  would  result  if  the 
processor  focus  were  adjusted.  'I’lic  “focus  paradox”  is  resolved 
by  noting  that  the  relative  position  of  imaged  data  is  difrcicntially 
shifted  at  the  same  time  that  focus  is  changed.  For  a  simple 
azimuthal  wave  field,  the  apparent  result  is  more  satisfactory  if 
the  focus  is  perturbed.  This  is  a  false  solution  in  general,  however. 

Better  results  are  obtained  in  the  following  way  (Raney  and 
Vachon,  1988b;  Raney  el  aL,  1989).  Let  each  look  have  an  in¬ 
tegration  time  much  smaller  than  the  wave  period,  be  imaged 
(power  domain),  and  then  Fourier  transformed.  ('I’his  rerpiiies ei¬ 
ther  a  modified  SAR/processor  combination,  or  access  to  the  un¬ 
processed  SAR  signal  record.)  The  desired  directional  spectiiim 
is  formed  by  ad  'ing  the  magnitudes  of  the  individual  spectra. 
We  denote  this  approach  to  spectral  calculations  as  “spectral- 
sum”.  This  is  an  energy  conservative  approach.  It  is  impervious 
to  non-coherent  scene  translation  between  looks  and  compensates 
for  wavenumbers  with  both  azimuth  and  range  components  We 
strongly  recommend  it. 

We  demonstrate  the  contrast  between  these  two  methods  of 
spectral  calculation  w  tli  tjie  following  example  using  wave  in 
ice  data  gathered  during  LIMEX’87.  Having  formed  the  two 
different  spectra  from  the  same  data  set,  the  ratio  of  look-sum  to 
spectral-sum  is  taken.  The  result  is  shown  in  Fig.  1 .  'Fhe  unity 
value  of  the  central  (DC)  pixel  value  illustrates  conservation  of 
energy  for  both  methods.  The  spectral-sum  method  always  shows 
higher  spectral  values,  hence  better  wave  contrasts,  than  does  the 
look-sum  appioach. 

3.2.3  Reitioval  of  Directio  I  Ambiguity 

Having  acknowledged  scene  i-anslation  between  looks,  in  the 
preceding  section  we  described  h'  v  to  minimize  the  resulting  dis- 


Figurc  1:  Ratio  of  look-sum  to  spectral-sum  spectra  for  an  ex¬ 
ample  of  LIMEX  waves  in  ice  data,  21  March,  1987.  The  central 
pixel  (DC)  value  is  unity.  Grey  levels  aic  (piopoitionately)  less 
than  unity.  < 

advantages.  Here  we  comment  on  an  advantage  to  be  gained  by 
using  the  same  effect  to  eliminate  the  180°  ambiguity  that  oth¬ 
erwise  plagues  each  directional  component.  (Details  and  icsults 
based  on  LIMEX  data  may  be  found  in  Vachon  and  Raney,  1989). 

The  directional  ambiguity  is  leinovcd  by  observing  the  tlircc- 
tion  of  motion  of  each  wave  component  in  the  set  of  looks.  This 
may  be  done  either  explicitly  (wave  tiacking  or  s|>atial  coriola- 
tion  methods),  or  implicitly  (Fourier  analysis).  (Tlicie  aie  other 
methods  which  require  two  o]>poscd  directions  of  sensoi  travel. 
This  is  to  be  avoided,  especially  for  satellites.) 

The  transform  method  is  preferrerl.  With  A'  spectra  available, 
one  for  each  look,  an  N  iroint  Fourier  transform  (one  sided)  is 
performed  over  the  set.  The  magnitude  of  the  lesulting  spectrum 
is  free  of  directional  ambiguity.  Confidence  (and  resolution)  of 
the  resulting  spectrum  is  increased  with  larger  N  (more  looks), 
and  with  larger  exposure  time  7\-. 

4  System  Considerations 

Several  observations  follow  from  the  LIMEX/ LEW  EX  expe¬ 
rience.  'File  general  trend  towards  smaller  SAIl  dwell  constant 
(e.g.  Beal,  1987)  is  supported,  llowevei,  this  tiend  should  be 
treated  carefully  in  light  of  spacecraft  design  considerations,  ac¬ 
ceptance  of  the  coherence  tune  limitation,  and  velocity  bunching 
multi-mode  imaging  non-linearities.  One  could  argue  that  the 
latter  have  been  observed  in  SIR-B  data  due  to  the  small  SAR 
dwell  constant!  Also,  we  have  seen  evidence  of  non-linear  be¬ 
haviour  for  LIMEX  ocean  imagery  in  near  range  data  with  small 
dwell  constant.  There  would  seem  to  be  a  trade-off  between  small 
7’;/  with  Ti  constrained  to  be  about  the  same  size  as,  or  slightly 
larger  than,  t.  Thus,  the  coheicnee  factor  may  be  used  to  some 
positive  degree. 

There  is  an  alternative  way  to  achieve  a  siiiallcr  SAR  dwell 
conslani  wiihout  leuuung  the  spaccciaft  altitude  One  could 
choose  an  elliptical  orbit,  thus  increasing  the  (periapsis)  velocity 
of  the  spacecraft.  (There  Is  precedent  for  SAR  designed  foi  el¬ 
liptical  orbit,  with  Magellan  as  the  prime  example.)  The  S.AR 
dwell  constant  that  applies  for  selected  elliptical  orbits  is  given  in 
Fig.  2.  The  key  aspect  is  that  the  component  I'tan'  of  spaccci  aft 
orbital  velocity  tangential  to  the  (spherical)  eaith  surface  is  the 
velocity  which  governs  the  image  (Dopplei)  properties  (Raney, 
1986). 
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Figure  2:  Representative  dwell  constants  for  elliptical  orbits* 


Figure  3:  Drag  coefficient  as  a  function  of  elipticity  and  altitude. 

It  is  apparent  from  Fig.  2  tliat  there  is  only  a  modest  impact 
on  the  dwell  constant  due  to  the  small  ellipticities  suggested  here. 
However,  a  substantial  benefit  may  be  found  in  the  spacecraft 
orbital  stability.  Using  data  from  Wertz  (1978)  as  reproduced 
in  Fig.  3,  it  is  clear  that  with  only  a  modest  increase  in  oibit 
elipticity,  two  orders  of  magnitude  reduction  in  drag  coefficient 
would  be  realized.  For  example,  rather  than  altitude  boost  every 
ten  days  or  less,  an  elliptical  orbit  should  require  altitude  boost 
only  every  year  or  so.  This  in  turn  reflects  in  much  lower  cost  for 
spacecraft  liardware,  and  should  be  given  serious  consideration 
as  a  modification  to  the  “Spcctrasat”  concept  (Beal,  1987). 

The  (multi-look)  exposure  time  bears  some  reflection,  for  with 
Tfi  sufficiently  long  (considering  the  coherence  time  limited  spa¬ 
tial  resolution  and  the  wave  phase  velocity  of  interest)  the  SAR 
by  itself  would  be  capable  of  producing  unambiguous  directional 
spectra.  Additional  instruments  would  not  be  required  on  the 
payload  for  this  purpose.  Exposure  time  is  proportional  to  an¬ 
tenna  beamwidth  assuming  only  one  antenna  pattern,  or  more 
generally,  to  the  angular  sector  used  by  the  set  of  side-looking 


beams  if  more  than  one.  If  coherence  time  is  indeed  proportional 
to  radar  wavelength,  the  T/,/t  ratio  would  be  independent  of  A. 
For  a  longer  wavelength,  say  P-band  rather  than  C-band  or  even 
L-band,  a  simple  antenna  design  (and  lower  power  radar)  would 
suffice. 

Wavelength  dependence  of  t  should  be  checkeil  using  JPL 
airborne  radar  data.  Care  should  be  taken  to  treat  each  data  set 
for  optimal  spectral  contrast  using  our  spectral-sum  approach. 
Otherwise,  the  increasing  inter-look  translation  of  the  waves  with 
increasing  radar  wavelength  (Tt,  and  Tn)  would  confuse  and  bias 
the  conclusions  against  longer  wavelengths. 

When  comparing  airborne  data  sets  to  those  obtained  from  or 
anticipated  from  spacecraft,  the  pertinent  spatial  and  temporal 
scale  factors  (Table  1)  should  be  carefully  considered.  In  partic¬ 
ular,  for  typical  aircraft  speeds,  the  relative  phase  velocity  and 
the  associated  scale  perturbation  deserve  attention. 
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Ocean  surface  waves  are  Imaged  by  Synthetic  Aperture  Radar  (SAR) 
through  a  combination  of  mechanisms,  Including  surface  slope,  surface 
roughness,  and  surface  motion.  Over  a  limited  range  of  ocean/radar 
conditions  each  of  these  mechanisms  can  be  described  by  a  linear 
modulation  transfer  function  which  allows  the  directional  wave  spectra 
to  be  Inferred  from  the  Image  spectra.  However,  It  Is  generally 
understood  that  surface  motion  In  most  cases  causes  a  non-llnear 
transfer  function  and  hence  Is  the  most  Important  of  these  mechanisms. 

The  purpose  of  the  present  work  Is  to  determine  when  ocean 
surface  waves  can  be  correctly  Imaged  or  not  Imaged  by  the  C-band  SAR 
scheduled  for  launch  on  the  first  EUROPEAN  EARTH  SATELLITE  (ERS-1)  In 
1990.  More  precisely,  to  determine  under  what  conditions  the  modulation 
transfer  function  Is  linear  and  If  non-llnear  under  what  conditions  the 
waves  can  be  correctly  Imaged  or  not  Imaged  due  to  these  surface 
motions.  Indeed,  as  the  non-llnearlty  Increases  a  distortion  In  the 
Imaged  spectral  peak  occurs  resulting  In  a  rotation  of  spectral  peak 
toward  the  range  direction.  This  distortion  limits  the  ability  to  Infer 
wave  parameters  from  the  Imagery.  However,  If  the  non-linearities  are 
not  too  large  (slightly  non-llnear).  In  principle  the  Intensity  spectra 
can  be  corrected  to  obtain  the  directional  wave  spectra. 

A  two  dimensional  numerical  simulation  (LYZENGA,  1986)  and  a 
single  parameter,  c,  suitable  for  characterizing  the  non-linearity 
(ALPERS,  1983)  are  used  to  Investigate  when  the  ERS-1  SAR  can  correctly 

Image  ocean  waves,  c  =  1200*SWH  *  cos  where  ipp  is  the  peak 

wave  direction  relative  to  the  flight  direction  (azimuth  angle),  Xp  Is 
the  peak  wavelength,  and  SWH  Is  the  significant  wavehelght  both  In 
meters.  In  the  case  of  wind  seas,  the  simulation  gives  a  linear  range 
corresponds  to  approx,  c  <  0.3,  whereas  the  highly  non-llnear  case, 
where  waves  cannot  be  Imaged,  corresponds  to  approx,  c  >  1.0.  Distorted 
waves  In  the  imagery  correspond  to  approx,  0.3  <  c  <  1.0  and  can  be 

corrected  for  c  near  0.3.  Based  on  the  above  criteria  and  typical 
waveheights;  say  SWH  =  2  m,  the  linear  case  corresponds  to  wavelengths 
longer  than  approximately  400  m  for  azimuth  traveling  waves  or  longer 
than  300  m  for  waves  traveling  45  degrees  to  azimuth.  The  non-llnear 
non-wave  Imaging  case  corresponds  to  wavelengths  shorter  than 
approximately  175  m  for  azimuth  traveling  waves  or  shorter  than  150  m 
for  waves  traveling  at  45  degrees.  Ocean  wavelengths  between  these  two 
limits  are  called  non-llnear  and  for  the  wavelengths  closest  to  the 
linear  case  (slightly  non-llnear)  may  be  corrected  to  obtain  the  peak 
wavelengtii  and  direction.  The  above  results  are  consistence  with  the 
airborne  C-band  SAR  measurements  taken  during  the  NORCSEX  experiment  off 
the  coast  of  Norway  In  March,  1988. 
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Abstract 

During  the  spaceborne  imaging  radar  mission  (SIR- 
C),  scheduled  for  launch  on  a  s|)acc  shuttle  in  1992, 
L-band,  C-band,  and  X-band  synthetic  aperture  radar 
(SAR)  data  will  be  acquired.  Also  on  board  the  shuttle 
will  be  a  processor  designed  to  produce  real-time  esti¬ 
mates  of  two-dimensional  wave  image  spectra  from  C- 
band,  llll-polarization  data.  In  an  attempt  to  predict 
processor  performance,  we  arc  pursuing  several  strate¬ 
gics:  (1)  VVe  simulate  the  raw  SAR  signals  of  point  tar¬ 
gets  and  wave  scenes  and  use  a  software  simulation  of  the 
on-board  processor  to  produce  corresponding  imagery 
and  image  spectra.  (2)  Raw,  L-band,  signal  data  from 
SIR-B  is  to  be  used  to  e.\crciso  the  processor.  (3)  Com¬ 
puter  simulations  using  SIR-D  image  spectra  are  used 
to  determine  appropriate  averaging  strategics  for  the  on¬ 
board  processor  and  to  assess  the  precision  with  which 
the  wave  number  and  propagation  direction  of  ocean  sur¬ 
face  waves  can  be  dcterinincd.  The  results  and  progress 
of  this  work  arc  discussed. 

Keywords:  synthetic  aperture  radar,  real-time  process¬ 
ing,  ocean  wave  spectra. 

1  Introduction 

High  resolution  SAR  imagery  from  the  Seasat  satellite  and 
SlR-B  SARs  have  demonstrated  the  potential  to  infer  infor¬ 
mation  about  ocean  surface  waves  The  peaks  found  in  two- 
dimensional  SAR  image  spectra  have  shown  a  correspondence 
with  independent  measurements  of  the  ocean  (Monaldo  and  Ly- 
zenga,  19b8)  Although  there  still  exists  some  controversy  (Al- 
pers  et  al.,  1986)  as  to  the  exact  mechanisms  by  which  a  SAR  is 
able  to  image  waves  and  the  optimum  procedures  for  interpreting 
SAR  wave  imagery,  there  is  a  general  consensus  that  the  limit¬ 
ing  factor  in  the  usefulness  of  SAR  image  spectra  is  the  apparent 
smearing  caused  by  ocean  suiface  motion.  A  SAR  achieves  high 
azimuth  (along  satellite  ground  track)  resolution  by  using  the 
Doppler  information  found  in  the  return  signal.  Corruption  of 
the  Doppler  signal  by  ocean  surface  motion  can  consequently 
reduce  azimuth  resolution.  The  extent  of  this  degradation  is 
proportional  to  fi/V,  the  range-to- velocity  ratio  of  the  SAR  plat¬ 
form. 


The  Seasat  SAR,  orbiting  at  an  altitude  of  800  km  had  an 
RfV  =  120  s,  about  four  times  larger  than  the  corresponding 
RjV  of  the  SIR-B  SAR  orbiting  at  230  km.  Beal  et  al.,  (1986) 
showed  that  image  spectra  computed  fiom  SIR-B  imagery  exhib¬ 
ited  considerably  less  azimuth  resolution  degradation  than  found 
in  Seasat.  These  results  argue  for  the  use  of  a  low-altitude  as 
opposed  to  high-altitude  orbiting  SAR  to  retrieve  the  maximum 
amount  of  ocean  wave  information.  One  possible  method  to  ob¬ 
tain  ocean  wave  spectra  on  a  global  basis  would  be  to  launch  a 
low-altitude,  low-cost,  single-purpose  satellite  dedicated  to  pro¬ 
ducing  SAR  wave  image  spectra.  By  limiting  the  SAR  swath 
width  to  about  10  km  and  calculating  image  spectra  on-board, 
it  is  possible  to  radically  reduce  the  down-link  data  rate  and  min¬ 
imize  associated  costs  (MacArthur  and  Oden,  1987).  A  space- 
borne  processor  capable  of  performing  these  functions  is  cur¬ 
rently  being  fabricated  at  the  Applied  Physics  Laboratory.  The 
processor  is  to  accompany  the  SIR-C  SAR  on  board  a  space  shut¬ 
tle  flight  to  provide  a  demonstration  of  the  feasibility  of  such  an 
approach.  This  paper  discusses  some  of  the  efforts  we  have  made 
to  verify  the  processor  design  and  predict  its  performance. 

Figure  1  is  a  functional  block  diagram  of  the  SIR-C  processor. 
MacArthur  and  Oden  (1987)  give  a  more  detailed  des’eription  of 
processor  design.  Each  output  SAR  image  spectrum  is  com¬ 
prised  of  the  data  accumulated  in  1664,  C-band  radar  pulses. 
The  input  video  signal  is  filtered  to  10  MHz,  1-bit  quantized  in 
I  and  Q,  and  ranged  compresscil  by  an  array  of  7,  64- bit  cor¬ 
relators.  After  range  coriclation,  each  of  the  1664  pulses  has 
been  sampled  into  256  lange  cells  of  30  m  ground  range  resolu¬ 
tion.  Each  two  adjacent  pulses  are  averaged  together  reducing 
the  effective  number  of  pulses  to  832.  The  reduced  number  of 
pulses  is  dictated  by  liaidware  constraints.  Azimuth  compres¬ 
sion  is  performed  by  using  256-point  digital  Fourier  transforms, 
multipling  by  the  appropriate  azimuth  chirp  replicas,  and  per¬ 
forming  the  inverse  Fourier  transforms.  Because  the  256-point 
transforms  are  not  sufficiently  large  to  compress  all  832  pulses  at 
the  same  time,  azimuth  compression  is  performed  in  sections  oi 
sub-images  and  the  entire  image  pieced  together.  Following  az¬ 
imuth  compression,  we  discard  the  leading  and  trailing  edges  of 
the  image  which  are  contaminated  by  the  fact  that  full  azimuth 
compression  is  not  possible  at  the  edges.  After  this  sequence, 
we  are  left  with  a  complex  array  of  256  by  768  range  and  az¬ 
imuth  cells.  Azimuth  resolution  is  10  m.  The  complex  values 
arc  squared  to  yield  image  intensity  and  ave  aged  by  three  along 
azimuth  to  reduce  speckle  noise.  The  final  SAR  image  is  an  ar- 
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Figure  1  Scliematic  block  diagram  of  the  on-board  SIR-C 
processor 

ray  of  25G  by  25C  values,  each  cell  rcpieseiiling  a  30  m  by  30  in 
area  on  the  surface. 

A  two-dimensional  Fourier  transform  of  the  image  is  then 
computed  and  squared  producing  an  image  intensity-variance 
spectrum.  One-half  of  this  spectrum  is  redundant  and  can  now 
be  discarded.  To  reduce  both  sampling  variability  and  the  down¬ 
link  data  rate,  the  spectrum  is  averaged  in  blocks  of  -I  by  4  el¬ 
ements.  The  size  of  spectral  array  is  thus  reduced  to  32  by  64. 
A  sub-sample  of  20  by  40  elements  is  then  to  be  transmitted  to 
the  ground.  At  the  rate  of  one  spectrum  per  second  the  n.'quired 
down-link  data  rate  is  6.4  x  10^  bps  (bits  per  second),  down  by 
a  factor  of  100  from  the  input  signal  date  rate  of  8.5  x  10®  bps. 

2  Test  Strategies 

We  have  pursued  three  stategies  to  test  the  capacity  of  and 
predict  the  performance  of  the  on-board  processor:  (1)  to  sim¬ 
ulate  point  targets  and  wave  imagery  to  verify  basic  processor 
design,  (2)  to  use  actual  SIR-B  raw  signal  data  to  exercise  the 
processor  haidware,  and  (3)  to  simulate  jirocessor  output  spec¬ 
tra  to  verify  spectral  smoothing  strategies.  Significant  progress 
on  the  first  and  third  strategies  has  been  achieved.  The  second 
strategy  awaits  the  completion  of  the  hardware  fabrication. 

2.1  Simulated  Signals 

The  use  of  simulated  point  targets  and  wave  image  signals 
has  been  limited  to  the  testing  of  the  azimuth  compression  pro¬ 
cess  and  calculation  of  the  two-dimensional  spectrum.  Since  the 
Applied  Physics  Laboratory  has  been  involved  in  a  number  of 
spaceborne  altimeters  with  significant  experience  in  the  design¬ 
ing  and  fabrication  of  instrumentation  to  peiform  range  com¬ 
pression,  it  is  processing  occurring  after  range  compression  that 
we  are  now  most  closely  focusing  on  In  addition,  the  azimuth 
compression  is  to  be  performed  on  sub-images  and  the  resulting 
image  constructed  from  these  smaller  images.  There  is  concern 
that  the  edges  of  the  sub-images  might  not  be  appropriately 
combined. 

We  tested  the  azimuth  compression  strategy  by  simulating 
the  hardware  functions  on  a  multi  purpose  computer,  specifi- 
caiiy  an  Iir-35IC.  All  Llic  comjjutations  were  made  a)  bit 
precision  to  mimic  the  calculations  of  the  on-board  processor 
Any  consequent  round  off  errors  would  therefore  also  appear  in 
the  software  simulation. 

The  anticipated  signals  from  a  scries  of  point  targets  in  az¬ 
imuth,  after  range  compression,  were  injiut  into  the  software 
simulation  of  the  processor.  Figure  2  is  a  rci>resenlation  of  the 
image  produced  by  the  simulation.  The  point  targets  are  .-iceii- 
rately  reproduced,  even  across  sub  image  boundaries 
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Both  the  azimuth  compression  and  Fouiier  transform  pro¬ 
cesses  were  tested  using  simulated  signal  of  wave  images.  A  SAR 
image  spectrum  fiom  SlR-B  was  inverse  Fourier  transformed  and 
le-samplcd  to  produce  the  corresponding  SAR  image.  Using  an 
invcise  azimuth  compression  procedure,  the  uncompicssed  SAR 
signal  was  simulated.  Again  this  aitificial  signal  is  used  as  input 
for  the  software  simulation.  Both  the  original  SAR  spectrum 
and  the  one  computed  from  the  simulation  aie  shown  in  Figtire 
3.  'I'he  icsult  again  verifies  the  processor  design  and  the  fact  that 
sub-images  are  appropriately  combined  with  no  lesidual  effects 
on  the  output  spectrum. 


Figure  2  The  result  of  azimuth  compression  of  twenty 
point-targets  by  a  software  simulation  of  the  on-board 
pioccssor.  Horizontal  is  the  azimuth  diicction.  Suc¬ 
cessive  lines  icprcscnt  successive  range  lines.  Twenty 
range  lines  arc  shown  above. 

2.2  Real  Signal 

Although  SIR-B  acquired  only  L-band  SAR  data  and  the 
on-board  processor  is  designed  to  work  with  the  C-band  chan¬ 
nel  from  the  SlR-C  SAR,  much  can  be  learned  from  the  SIR-B 
signal.  Our  current  plans  are  to  take  raw  SIR-B  signal  from  the 
particularly  dynamic  situation  of  Hurricane  Josephine  and  use 
the  actual  processor  to  produce  the  corresponding  image  spectra. 
Although  the  icsultmg  image  resolution  will  not  be  as  high  when 
a  processor  designed  for  C-band  is  applied  to  L-band  signals,  the 
ocean  waves  arc  still  sufficiently  long  to  be  imaged.  Image  spec¬ 
tra  from  his  area  have  shown  a  particular  sensitivity  to  the  focus 
used  to  perform  the  azimuth  compression  and  they  should  therc- 
foie  provide  a  severe  test  foi  the  processor.  The  implementation 
of  this  test  .awaits  the  fabrication  of  the  hardware. 


2.3  Performance 

A  spectrum  of  a  SAR  image  is,  at  best,  a  single  realization 
of  the  ensemble-mean  spectrum  (.Munaldo,  1989).  Each  indi¬ 
vidual  spectral  value  lepresents  a  lanclom  variable  having  a  ,\* 
distribution  with  two  degrees  of  freedom.  I  he  mean  ol  this  distii- 
bution  IS  the  value  of  the  corresponding  ensemble  mean  spectral 
v.vlue,  I  he  standard-deviation  of  a  \^-distribution  having  only 
two  degrees  of  ficedom  is  equal  to  the  mean.  Any  single  spectrum 
produced  by  the  on-board  processor  is  therefore  a  noisy  repre¬ 
sentation  of  the  ensemble-mean  spectrum.  This  type  of  noise  is 
often  referred  to  as  samiiling  variability.  Each  236  by  236  point 
spectium  computed  by  the  on-board  piocessor  is  block  aveiaged 
to  icduce  both  sampling  variability  and  the  down-link  data  rate 
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Figure  3  The  lop  contour  plot  is  a  rcprcscnlalioii  of  a 
SAR  256  by  256  element  image  spectrum  from  SIR- 
D.  The  imagery,  from  which  the  spectrum  was  calcu¬ 
lated,  was  acquired  from  data  take  91.5  off  the  coast 
of  Chile.  The  center  of  the  box  is  zero  wave  num¬ 
ber.  The  criges  of  the  box  represent  a  wave  number 
of  2!r/(60m).  This  spectrum  was  used  to  simulate 
an  artindal  SAR  signal  which  before  azimuth  com¬ 
pression.  The  lower  plot  is  the  64  by  64  spectrum 
computed  by  the  software  simulation  of  the  on-board 
processor  fiom  this  artificial  signal.  The  spectrum  has 
been  smoothed  to  about  100  degrees  of  freedom. 


Every  group  of  4  by  4  elements  is  averaged  together  producing 
a  64  by  64  array.  The  resultant  averaged  spectrum  now  has  32 
degrees  of  freedom  and  consequently  less  sampling  variability. 

The  effect  of  sampling  variability  on  the  precision  with  which 
dominant  oejan  wave  number  and  propagation  direction  can  be 
determined  '.vas  estim-ated  v.'it!;  .a  computer  simul.ation.  We  start 
with  a  smoothed,  256  x  250  element  SIR-B  SAR  image  spectrum, 
This  spectrum  is  asserted  a  priori  to  be  the  ensemble- mean  spec, 
trum.  Noise,  having  a  x’-distribution  with  two  degrees  of  free¬ 
dom  is  applied  to  the  spectrum.  The  resulting  spectrum  is  a  sim¬ 
ulated  realization  of  the  ensemble-mean  spectrum.  Every  group 
of  4  by  4  elements  of  this  spectrum  is  averaged,  jn  a  manner  anal¬ 
ogous  to  the  averaging  done  by  the  on-board  processor.  This  64 
by  64  point  spectrum  is  a  simulated  output  spectrum  from  the 
processor  having  32  degrees  of  freedom.  The  dominant  wave 


number  and  propagation  direction,  calculated  using  a  center-of- 
mass  algorithm  for  the  spectrum  is  calculated.  This  procedure 
was  repeated  50  times. 

The  root-mean-square  variability  on  the  wave  number  esti¬ 
mate  was  found  to  be  1 .6  x  10“^  rads/m.  For  a  200  m  wavelength 
wave  system,  this  variability  is  equivalent  to  an  precision  of  10 
in  in  wavelength.  Propagation  angle  was  estimated  with  a  root- 
mean-square  variability  of  1.3°.  Both  values  are  comparable  to 
the  precision  attainable  from  SIR-  B  image  spectra  processed  on 
the  ground. 


3  Conclusions 


Using  a  software  simulation  of  the  on-board  SIR-C  processor, 
we  have  verified  the  azimuth  compression  and  spectral  analysis 
design.  We  are  currently  awaiting  hardware  fabrication  to  exer¬ 
cise  the  processor  with  actual  SIR-B  SAR  signal.  Further,  the 
result  of  computer  simulations  suggest  that  we  may  expect  that 
the  precisions  with  which  wave  number  and  piopagation  direc¬ 
tion  can  be  determined  are  1.6  x  10“®  and  1.3®,  respectively. 
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ABSTRACT 

The  space  shuttle  Challenger  was  quickly 
maneuvered  into  a  SAR  data  acquisition  mode  to  capture 
a  SIR-B  ^scene  of  Hurricane  Josephine  which  presented 
Itself  as  an  unscheduled  target  of  opportunity  during 
NASA  Mission  Al-G  during  October  of  1984.  Steeply 
sloped  seas  approaching  10  meters  in  height  were 
observed  several  hundred  kilometers  In  advance  of  the 
hurricane  crack.  Mission  attitude  data  Indicate  that 
the  shuttle  pitch,  roll,  and  yaw  were  unstable  during 
the  data  take.  The  statistical  clutterlock  employed 
by  our  ground  SAR  processor  yields  a  Doppler  frequency 
estimate  that  tracks  the  shuttle  yaw  variation  but  Is 
ambiguous  with  a  single  discontinuity  equal  to  one 
multiple  of  Che  radar  pulse  repetition  frequency.  The 
SIR-B  signal  data  have  been  compressed  under  several 
Doppler  parameterlzatlons  to  Investigate  the  ambiguity 
of  the  clutterlock.  Resultant  ocean  Images  are 
analyzed  for  their  contrast  and  resolution  properties. 


INTRODUCTION 

A  critical  stage  In  synthetic  aperture  radar  (SAR) 
Image  processing  Is  the  coherent  Doppler  correlation 
of  Che  radar  signal  S(r,v,t):  measured  In  terms  of  the 
downrange  distance,  r,  scene  velocity  v,  and 
Illumination  time  t,  with  a  re.ference  signal  producing 
a  two  dimensional  mapping  of  cross  sectional 
reflectivity  a(r,a)  in  terras  of  the  downrange 
coordinate  and^  the  along  track  coordinate  a  - 
Dopp'‘{v,t).  The  azimuth  (i.e.,  along  track) 
compression  of  the  radar  data  is  parameterized  by  the 
median  Doppler  frequency  shift  observed  for  a  discrete 
number  of  radar  pulses  defining  a  synthetic  array  of 
antenna  elements  along  an  orbit  in  space.  A 
statistical  clutterlock  procedure  [Li  ct  al.,  1985)  is 
often  used  to  compute  a  Doppler  centroid  from  azimuth 
frequency  spectra  of  complex  SAR  data  after  range 
compression  to  exclude  the  backscatter  power 
contributed  by  targets  illuminated  by  a  partial 
aperture.  The  attitude  of  the  SAR  platform  influences 
the  median  Doppler  shift. 


for  the  surface  scattering  elements  Illuminated  by  the 
pulsed  radar  with  wavelength  X.  The  target  velocity 
distribution  is  influenced  by  the  trajectory  of  the 
spaceborne  SAR  platform  in  relation  to  a  rotating 
earth  and  by  wave  motion  at  the  ocean  surface.  The 


latter  may  be  considered  a  random  Influence  that 
broadens  and  shifts  the  Doppler  spectrum.  The  SAR 
orbital  geometry  is  usually  known  well  enough  so  that 
downrange  velocity  of  the  shuttle  at  Its  point  of 
closest  approach  to  a  given  surface  picture  element 
(pixel)  along  track  can  be  used  to  deterministically 
define  ^a  nominal  antenna  pattern  at  beam  center'.  A 
raatched  filter  function  can  be  correlated  with  the 
frequency  spectrum  of  the  SAR  signal  to  yield  an 
estimate  of  the  Doppler  centroid  prior  to  range 
compression.  However,  when  the  Doppler  matched  filter 
is  based  on  a  nominal  antenna  pattern  without  accurate 
data  on  the  attitude  of  the  SAR  platform,  an  arbitrary 
choice  of  the  central  pulse  corresponding  to  beam 
center  in  the  orbital  array  of  discrete  illumination 
elements  results  in  a  mainlobe  versus  sidelobe 
ambiguity  in  the  definition  of  the  synthetic  aperture 
antenna.  When  the  azimuth  pulse  ambiguity  is  the 
result  of  an  unknown  shuttle  pitch  and  yaw,  the 
physical  antenna  may  be  squinted  fore  or  aft  of  the 
spacecraft  rather  than  side-looking.  Hence,  the 
correct  center  Doppler  frequency  employed  In  defining 
the  SAR  reference  signal  could  be  different  from  the 
estimated  Doppler  centroid  by  one  or  more  multiples  of 
the  pulse  repetition  frequency.  If  the  shuttle 
attitude  is  known  the  pulse  ambiguity  can  be  resolved 
and  the  Doppler  centroid  estimate  should  track  the 
squint  variation  to  align  the  mainlobe  of  the 
synthetic  aperture  with  the  mainlobe  of  the  physical 
aperture.  The  radar  look  angle  S,  pitch  angle,  ^  and 
yaw  angle  y  are  usually  specified  In  a  frame  of 
reference  centered  at  the  spacecraft  [LI  and  Johnson, 
1983]  relative  to  a  plane  containing  the  earth's 
angular  velocity  vector  and  tne  spacecraft  velocity 
vector.  The  earth's  rotational  velocity  at  the  radar 
target,  v^,  can  be  placed  In  a  parallel  plane  by 
making  a  flat  earth  approximation  at  the  location  of 
the  spacecraft.  The  directional  cosine  of  the 
spacecraft  yaw  aligns  these  vectors  in  their 
respective  planes  while  the  directional  sine  of  the 
earth  look  angle  and  spacecraft  pitch  angle  project 
the  velocity  vectors  onto  the  downrange  coordinate  of 
the  radar.  Hence,  the  Doppler  centroid, 

fc  "  f  (''s  T  ■  (2) 

can  be  estimated  from  the  earth's  rotational  velocity 
and  the  ground  track  velocity,  v^,  of  the  space 
shuttle  when  Its  orbital  attitude  and  trajectory  are 
known. 

On  October  12,  1984  the  space  shuttle  imaging 
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radar  (SIR-B)  aboard  Challenger  recorded  90  seconds  of 
SAR  signal  data  covering  a  600  kilometer  strip  of  Tin» 
North  Atlantic  Ocean  at  30°N  and  72°W  in  the  near 
vicinity  of  Hurricane  Josephine.  This  SIR-B  data  set 
provides  an  excellent  example  of  the  pulse  ambiguity 
along  track  complicated  by  an  extremely  dynamic  sea 
state.  These  data  were  initially  processed  through 
the  NASA  ground  SAR  processor  at  The  Jet  Propulsion 
Laboratory  (JPL)  in  Pasadena,  Callforula.  assuming 
that  the  shuttle  had  stabilized  in  a  right- looking 
mode  at  a  look  angle  of  24.6  degrees.  Subsequent 
analyses  [Gonzalez  et  al.,  1987]  of  the  ocean  imagery 
revealed  a  discontinuity  in  wave  contrast  during  the 
data  take.  It  was  later  discovered  that  image 
contrast  and  resolution  could  be  improved  (Tilley, 
1988)  by  using  a  Doppler  centroid  approximately  equal 
to  the  pulse  repetition  frequency,  1363  Hz,  during 
azimuth  compression  The  unusually  large  value,  1333 
Hz,  of  the  Doppler  centroid  was  estimated  by  a 
statistical  clutterlock  procedure  used  by  a  ground  SAR 
processor  (McDonough  et  al.,  1986)  operated  by  The 
Johns  Hopkins  University  Applied  Physics  Laboratory. 

Subsequent  examination  of  PATH  (i.e.,  postflight 
attitude  and  trajectory  history)  tapes  for  NASA 
Mission  410  archived  at  JPL  indicate  that  the  space 
shuttle  Challenger  was  in  an  unstable  attitude  during 
the  early  portion  of  the  data  take.  The  yaw,  pitch, 
roll  and  altitude  data  from  the  PATH  tape  are  plotted 
in  Figure  1 .  Note  that  the  shuttle  was  descending 
from  an 'altitude  of  228  km  at  a  rate  of  14  m/s.  The 
yaw,  pitch  and  roll  of  the  shuttle,  however,  all 
migrate  through  an  inflection  point  at  about  16.31.00 
hrs  GMT  The  yaw  and  roll  each  experience  a  second 
inflection  point  of  opposite  sign  at  16.31.39  hrs  GMT 
(I  e.,  39  seconds  later).  It  appears  that  the  shuttle 
was  being  maneuvered  into  an  unscheduled  right  looking 
SAR  mode  at  a  yaw  of  270°  and  that  the  data  take  may 
have  begun  before  the  shuttle  had  stabilized  in  that 
mode.  Hence,  in  this  unusual  case,  SAR  image 
processing  requires  frequent  recalculation  of  the 
Doppler  centroid  so  that  azimuth  compression  can  be 
accomplished  with  a  coherent  reference  function  that 
cracks  changes  in  the  attitude  of  Che  physical 
antenna. 

DATA  PROCESSING  IROCEDURES 

Although  the  Doppler  frequency  at  beam  center  can 
in  theory  be  determined  from  the  spacecraft  ephemeris 
and  attitude  data,  these  data  are  generally  not  known 
with  sufficient  accuracy  to  provide  an  azimuth  filter 
parameter  which  results  ir.  high-quality  im.agecy.  The 
Doppler  centroid  is,  therefore,  estimated  from  the  raw 
data  with  a  "clutterlock"  algorithm.  In  this  method, 
4096  pulses  of  uncompressed  raw  data  are  Fourier 
transformed  to  complex  data  and  converted  to  baseband 
by  discarding  the  negative  frequencies  in  the  spectrum 
and  downshifting  the  spectrum  from  the  video  offset 
frequency.  The  complex  data  are  then  reduced  by  1) 
averaging  groups  of  eight  pulses  to  give  512  range 
lines,  and  2)  selecting  100  samples  across  the  swath 
at  intervals  of  25  samples.  At  each  of  the  100  range 
distances,  the  azimuth  frequency  spectrum  is 
correlated  with  the  radar's  antenna  pattern.  The  peak 
of  the  correlator  output  represents  an  estimate  of  the 
Doppler  center  frequency  for  that  range  distance.  The 
straight  line  which  is  fitted  through  a  plot  of  the 
100  peak  amplitudes  against  slant  range  distance  gives 
the  desired  ustrmutc  of  the  Doppler  centroid. 


where  h  is  the  altitude  of  the  SAR  platform  and  the 
coefficients  aj^  and  a2  arc  computed  by  linear 
regression  of  the  squared  error. 


A  VAX  11-780  computer  was  used  to  host  an  FPS-164 
array  processor  that  processed  input  files  containing 
22  Mbytes  of  complex  data  to  output  approximately  2 
Mbytes  of  single  look  image  data.  The  Doppler 
centroid  was  computed  for  3  second  batches  of  signal 
data  at  6  second  intervals  along  track,  while  the 
Doppler  rate  was  fixed  at  a  value  suggested  by  an 
earlier  experiment  (Tilley,  1988).  Each  of  the  14 
batches  of  SAR  input  data  were  compressed  in  azimuth 
with  a  single  look  process  employing  their  unique 
Doppler  parameterization.  Figure  2  depicts  the 
variation  in  the  Doppler  characteristics  employed 
during  the  90  seconds  of  the  SAR  data  take.  Note  that 
the  Doppler  rate  parameter  remained  constant  at  about 
-1844  Hcrtz/scc  throughout  while  the  Doppler  centroid 
varied  from  268  Hertz  to  2931  Hertz,  more  than  twice 
the  pulse  repetition  frequency.  The  resultant  image 
data  amounted  to  about  20  kilometers  along  track  for 
each  batch  in  a  ground  range  perspective  with  5.5  m 
pixels. 

The  image  segments  were  reduced  to  11  meter  square 
pixel  representations  by  averaging  2x2  arrays  of  the 
smaller  pixels  and  segmented  into  4  databases  of  512  x 
512  pixels  to  represent  each  batch.  Figure  3  depicts 
the  single  look  image  data  near  the  middle  of  the  data 
take  with  comparison  to  the  four  look  imagery  at  a 
similar,  if  not  identical,  location. 

The  4  databases  representing  each  3  second  batch 
of  SAR  ocean  imagery  were  subjected  to  fast  Fourier 
transform  routines  after  squaring  pixel  values  to  form 
16-bit  radar  cross  sections.  Pre-processing  was 
limited  to  the  subtraction  of  a  mean  cross  section 
computed  over  the  512  x  512  pixel  databases.  Post¬ 
processing  of  the  resultant  SAR  image  power  spectra 
was  limited  to  a  power  normalization  [Irvine  and 
Tilley,  1988]  that  equated  the  power  spectral  variance 
with  the  variance- to-mean  squared  ratio  of  the  image 
database.  The  4  power  spectra  representing  each  3 
second  SAR  segment  were  averaged  to  yield  a  single 
image  spectrum  for  each  of  the  14  batches  of  APL 
processed  ocean  segments.  Figure  4  compares  the 
Fourier  spectra  for  the  single  look  APL  process  with 
the  Fourier  spectra  computed  in  a  similar  manner  from 
the  4 -look  JPL  processed  imagery. 

DISCUSSION 

The  ideal  SAR  platform  moves  over  the  earth  at  a 
constant  altitude  while  maintaining  the  physical 
antenna  in  a  plane  parallel  to  its  direction  of 
travel.  Uiien  these  conditions  are  met,  the  platform 
velocity  does  not  have  a  component  of  velocity  in  the 
downrange  direction  that  contributes  to  the  Doppler 
frequency  shift  (i.e.,  equation  1)  of  the  pulsed  radar 
signal.  Uhen  the  space  shuttle  yaw  angle  squints  the 
radar  antenna  either  forward  or  backward  of  the  right- 
looking  mode,  the  horizontal  shuttle  velocity  (e.g., 
Vj  -  6700  m/sec)  will  have  a  component  in  the 
downrange  direction,  particularly  when  the  difference 
in  the  radar  look  and  pitch  angles  is  large. 
Comparing  the  yaw  angles  in  Figure  1  with  the 
clutterlocked  Doppler  frequencies  in  Figure  2,  it 
appears  that  the  horizontal  shuttle  velocity  should 
not  be  neglected  in  SAR  data  compression. 
Furthermore,  for  this  data  take  over  Hurricane 
Josephine  the  shuttle  platform  was  descending  at  a 
constant  rate  of  14  m/sec.  When  this  vertical 
velocity  is  projected  in  the  side-looking  direction  of 
the  SAR  at  a  look  angle  of  24.6  degrees,  the  rate  of 
descent  amounts  to  approximately  108  Hertz  of  the 
Doppler  shift. 

The  APL  processor  compensates  for  range  migration 
[McDonough  et  al.,  1986]  of  the  Doppler  centroid  with 
empirical  coefficients,  a,  and  aj.  Using  the  flat 
earth  approximation  (i.e.,  oos((?-d)  -  h/r) ,  Equation 
(3)  can  be  interpreted  in  terms  of  the  horizontal 


component  of  shuttle  velocity,  v^,  and  the  rotational 
velocity,  Vg,  of  a  target  at  the  earth's  surface. 
Including  the  108  Hertz  shift  owing  to  the  vertical 
shuttle  velocity,  dh/dt,  with  the  predictions  of 
equation  2,  the  APL  coefficients  can  be  expressed; 

®1  “  I  [it  ''s  sln(S-^)j  (A) 

and 


As  the  earth  rotates  through  a  circle  equal  to  the 
circumference  of  the  earth  (AO, 212  km)  In  one  day 
(86,AOO  s)  at  a  latitude,  a,  the  rotational  speed  of  a 
surface  target  Is 

v^  “  A65  cos(c<)  cos(^)  m/sec  (6) 

relative  to  the  ground  track  of  the  SAR  moving  In  a 
direction,  0,  east  of  a  northern  heading.  For  the 
Hurricane  Josephine  data  take  0  -  127°  and  latitude 
varied  from  36.1°N  to  32.5°N.  Table  1  lists 
significant  parameters  that  can  be  used  to  relate  the 
Doppler  centroids  estimated  empirically  and  used  In 
this  study  with  those  computed  using  equations  3-6. 

In  comparing  the  contrast  properties  of  the  SAR 
ocean  Imagery  generated  by  the  JPL  and  APL  scene 
correlators,  major  differences  In  both  the  coherent 
and  non-coherent  statistical  procedures  for  computing 
cross  sectional  Intensities  exist  and  should  be 
considered.  The  JPL  A-look  process  Involves  a  short 
coherent  Integration  period  (e.g. ,  0.6  seconds)  to 
achieve  2A  meter  resolution,  approximately. 
Incoherent  temporal  averaging  follows  as  A  sequential 
looks  ore  overlayed  spatially  and  averaged.  The  APL 
single  look  process  Involves  a  longer  coherent 
Integration  period  (e.g.,  3  seconds)  to  achieve  6 
meter  resolution,  approximately.  Incoherent  spatial 
averaging  follows  as  2x2  arrays  of  pixels  In  range  and 
azimuth  are  averaged  to  yield  11  meter  pixels.  The 
SAR  varlance-to-raean  squared  ratios  for  the  image 
Intensity  were  greater  than  1.0  for  the  11  meter  APL 
pixels  and  about  a  factor  of  A  less  for  the  12.5  meter 
JPL. pixels.  In  both  cases  the  incoherent  statistics 
involve  A  samples.  However,  the  single  look  process 
attempts  to  obtain  a  coherent  spatial  resolution 
better  than  the  pixel  size  achieved  after  incoherent 
processing  whereas  the  A-look  process  attempts  to 
improve  the  temporal  coherence  of  the  cross  section 
measurement. 


Table  1 

Doppler  Centroid  Estimates 


Time 

Latitude 

Yaw 

Pitch 

Eq.3 

Fig.  2 

(minisec) 

(deg) 

(deg) 

(deg) 

(Hz) 

(Hz) 

31:09 

36.1 

271.5 

-33.8 

2805 

286A 

31:19 

35.6 

270.5 

-3A.A 

1978 

1563 

31:29 

35.1 

269.2 

-3A.6 

882 

575 

31:39 

3A.6 

268.6 

-3A.6 

379 

268 

31:A9 

3‘..0 

268.7 

-3A.7 

A77 

A52 

31:59 

33.5 

268.8 

-3A.7 

573 

667 

32:09 

33.0 

268.9 

-3A.7 

668 

88A 

32:19 

32.5 

269.1 

-3A.8 

850 

1081 

CONCLUSION 

Knowledge  of  SAR  platform  attitude  can  be  applied 
to  compute  approximate  values  of  the  Doppler  centroid 
based  upon  considerations  of  orbital  geometry  and 
scene  velocity.  When  such  approximations  arc  used 
together  with  empirical  estimates,  computed  by  a 
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statistical  clutterlock  algorithm,  ambiguities  equal 
to  one  or  more  multiples  of  the  pulse  repetition 
frequency  can  be  resolved  in  the  selection  of  an 
appropriate  Doppler  centroid.  For  the  SIR-B  data  take 
HJ117.A0  near  Hurricane  Josephine,  the  center  Doppler 
frequency  of  the  signal  data  tracks  the  shuttle 
trajectory  and  attitude  variations  as  archived  on  NASA 
Mission  AIG  PATH  tapes.  Unusually  large  values  of  the 
Doppler  centroid  are  required  In  excess  of  tha  pulse 
repetition  frequency  early  In  the  data  take  before  the 
shuttle  had  stabilized  In  a  right-looking  mode.  The 
APL  clutterlock  procedure  results  In  a  smooth 
evolution  of  the  ocean  wave  spectrum  as  it  varies 
along  the  SAR  track. 

Residual  differences  In  the  statistical  and 
deterministic  Doppler  centroid  estimates  are  the 
result  of  ensemble  surface  wave  motions.  These 
effects  should  be  included  in  a  deterministic  model  of 
the  Doppler  frequency  variation  with  wave  phase  In 
future  research  activities. 

Comparisons  of  one-look  and  four-look  imagery  to 
assess  differences  in  the  Doppler  clutterlock 
estimation  procedures  and  subsequent  SAR  azimuth 
compressions  are  difficult.  Hence,  future 
Investigations  are  needed  to  optimize  Doppler 
parameters  in  a  four-look  azimuth  compression.  The 
single  look  process  achieves  a  better  wavenumber 
response  for  the  hydrodynamic  wind-wave  modulation 
that  Is  important  In  the  Imaging  of  high  sea  states. 
The  four-look  process  achieves  better  suppression  of 
image  speckle  which  nay  be  helpful  in  imaging 
temporally  coherent  scenes  via  the  velocity  bunching 
and  tilt  modulation  mechanisms. 
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Figure  3  Four-look  (a)  and  single  look  (b)  SAR  images  have  variance-to-mean  squared  ratios  of  0.84  and  2,20, 
respectively. 


Figure  4  Fourier  spectra  oi.  iuur-iooK  (a)  and  single  look  (b)  SAR  imagery  vary  linearly  with  wavenumber  along  ra 
dil  from  the  center  out  to  limiting  values  of  2n/100  and  2Tt/88  rad  per  meter  at  14  locations  along  track. 
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ABSTRACT 

Numerical  results  for  the  Hj  tidal  currents  over 
Phelps  Bank  (Greenberg  et  al.,  1989),  with  1/8'  x  1/8' 
resolution,  are  used  to  predict  the  radar  surface 
signatures  (cross  sections  a)  of  Phelps  Bank  using  the 
Alpers  and  Hennings  (1984)  first  order  relaxation  model. 
The  numerical  predictions  for  a  incorporate  all  two 
dimensional  contributions  from  the  tidal  currents  and 
include  both  the  residual  and  first  harmonic  terms.  Not 
unexpectedly,  strong  correlation  between  spatially 
resolved,  contour  plots  of  a,  over  a  wide  range  of 
directions  and. time  intervals  within  the  tidal  cycle, 
with  variations  in  the  bottom  topography  of  the  Phelps 
Bank  is  obtained  even  when  Bragg  wave  scattering  alone 
is  included.  Additional  contributions  to  the  radar 
surface  signatures  should  come  from  ocher  scattering 
mechanisms  (i.e.,  specular,  wave -breaking,  etc.)  and 
from  the  shoaling  of  long  ocean  waves  over  the  bottom 
features  modulating  the  energy  of  the  Bragg  resonant 
waves.  The  predictions  for  a  are  contrasted  with 
previous  measurements  in  Phelps  Bank  by  NRL  (Valenzuela 
et  al.,  1985),  and  a  discussion  is  given  of  the 
importance  of  Including  the  off-diagonal  elements  from 
the  current  stress  tensor  in  the  evaluation  of  a. 

Keywords:  SAR  Imaging,  Bragg  scattering,  current-wave 
interaction,  numerical  modeling 


I  Introduction 

It  has  been  well-established  that  in  regions  of 
shallow  water,  the  bottom  topography  of  the  ocean  floor 
often  can  be  observed  through  Synthetic  Aperture  Radar 
(SAR)  and  Real  Aperture  Radar  (RAR)  imaging  of  the  ocean 
surface.  This  phenomenon  has  been  identified  in  SAR 
images  (Fu  and  Holt, 1982;  Lodge,  1983a, b;  Kenyon,  1983) 
derived  from  data  associated  with  the  Seasat  satellite 
mission  in  1978  (Born  et  al.,  1979)  and  in  RAR  imagery 
(de  Loor,  1976,  1978;  de  Loor  and  Brunsveld  van  Hulcen, 
1978;  de  Loor,  1981)  of  the  North  Sea.  Extensive 
measurements  over  Phelps  Bank,  Nantucket  Shoals 
performed  by  the  Naval  F.esearcli  Laboratory  In  1982 
(Valenzuela  et  al.,  1985)  provided  further  evidence  of 
the  phenomenon. 

Although  the  phenomenon  is  well-documented  by  these 
various  experiments,  a  complete,  theoretical  formulation 
of  the  processes  ii.v-lved  has  not  yet  been  established. 
A  major  reason  for  this  fact  is  the  Indirect  nature  of 
the  imaging  process;  microwave  backscatter  into  SAR's 
and  RAR's  is  primarily  from  the  ocean  surface  since  the 
wavelength  of  the  microwave  radiation  (on  the  order  of 


tens  of  centimeters)  is  considerably  larger  than  the 
penetration  depth  (typically  1  centimeter)  of  the 
associated  electromagnetic  fields  below  the  surface,  and 
the  water  depth  is  of  the  order  of  tens  of  meters. 
Complicating  the  analysis  further,  especially  in  rough 
oceans,  is  the  introduction  of  non-linear  hydrodynamic 
phenomena  such  as  wave-breaking  and  wave-cresting.  ' 

On  the  other  hand,  recently,  Alpers  and  Hennings 
(1984;  henceforth,  AH)  have  pointed  out  that  some  of  the 
correlation  between  features  associated  with  the  ocean 
bottom  and  images  of  the  surface  observed  both  in  de 
Loot's  RAR  measurements  and  in  Seasat  SAR  data  could  be 
accounted  for  directly  within  the  context  of  the  two- 
scale  scattering  model  (Keller  and  VJrlght,  1975;  Hughes, 
1978;  Wright,  1978)  in  which  an  implied  coupling  between 
short,  surface  (Bragg)  resonant  waves  and  the  bottom 
topography  emerges  in  radar  cross  sections  (o)  as  a 
natural  consequence  of  the  single  wave  (relaxation  time 
approximation)  scattering  of  short  gravity-capillary 
waves  through  the  large-scale  motions  of  the  ocean 
surface. 

In  particular,  it  has  been  observed  Chat  within  this 
two-scale,  Bragg-scattering  model,  the  ratio  between  the 
deviation  of  the  cross-section  (6o)  at  a  given  point  in 
space  from  its  mean  value  (o,)  to  the  value  of  o,  can  be 
directly  related  to  the  gradient  of  the  tidal  current 
distribution  in  the  limit  in  which  Bragg  wave  scattering 
provides  the  only  source  of  radar  return.  In  the  past 
various  simplifying  assumptions  have  been  made,  1) 
associated  with  the  dimensionality  of  tidal  flow 
(assumed  to  be  one-dimensional),  2)  the  flow  be  laminar 
free  and  very  nearly  uniform,  3)  to  neglect  the  "local" 
scattering  terms  relative  to  the  advectlve  and 

relaxation  terms  in  the  radiation  balance  equation,  and 
4)  in  many  cases  it  is  valid  to  neglect  even  the 
advectlve  terms. 

These  approximations  allowed  AH  to  make  estimates  of 
6o/Oo>  based  solely  on  a)  an  estimate  of  a  single 
component  of  the  tidal  velocity  evaluated  at  one  point 
in  space,  b)  a  knowledge  of  the  depth  profile 

(bathymetry)  and  its  variation  along  the  direction  of 
tidal  flow,  and  c)  a  knowledge  of  the  "look"  angle  of 
the  radar  relative  to  the  tidal  flow.  Even  with  these 
,  hov«cvcir»  AH  Hsve  been  sble  to  corteXete 
somewhat  quantitatively,  various  calculated  features  in 
the  surface  signatures  with  variations  in  the  bottom 
topography  in  reasonable  agreement  with  findings  derived 
from  SAR  images  of  the  North  Sea. 

The  goal  of  the  present  work  has  been  to  investigate 
more  quantitatively  the  implications  of  applying  a  full- 
fledged,  two-scale  scattering  model,  in  which  the 
underlying  assumptions  about  dimensionality,  laminar 
free  flow  and  near  uniformity  of  flow  of  the  currents 
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made  by  AH  are  no  longer  valid  Co  the  case  of  Phelps 
Bank,  Nantucket  Shoals.  We  have  done  this  using  direct, 
numerical  calculations  of  5o/o„,  based  on  a  realistic, 
calculated  description  of  the  tides.  In  which  1)  the 
tidal  flow  Is  a  two-dimensional  solution  of  the  Navler- 
Scokes  (NS)  equation  (Greenberg  ct  al.,  1989),  and, 
hence,  2)  there  Is  no  restriction  associated  with  the 
form  of  flow  (other  chan  the  imposition  of  open  boundary 
conditions).  Within  this  context,  the  coupling  of 
bathymetry  to  radar  return  enters  Indirectly,  as  a 
boundary  condition  associated  with  the  depth  profile  of 
the  region  that  is  imposed  on  the  solution  of  the  NS 
equation,  and  So/Oj  Is  evaluated  numerically,  using  the 
gradient  of  the  simulated  barotroplc  (depth-averaged) 
currents.  Thus,  we  model  the  surface  currents  using 
depth- averaged  solutions  of  the  NS  equations.  Therefore, 
we  make  none  of  the  simplifying  assumptions  associated 
with  approximating  the  tidal  flow  as  one -dimensional, 
laminar  free  and  nearly  uniform.  We  do  assume, 
consistent  with  Che  two-scale  model,  that  Bragg 
scattering  provides  the  main  contribution  to  the  radar 
return.  However,  we  do  neglect  effects  from  the 
shoaling  of  long  ocean  waves  over  the  bottom  features 
modulating  the  energy  of  the  Bragg  resonant  waves  and 
the  presence  of  non-linear  effects  relating  to  the 
surface  wave  field  and  contributing  to  the  radar  return. 
Also,  for  bottom  features  of  large  spatial  scale,  the 
advecClon  scattering  effects  are  Insignificant  compared 
with  relaxation  effects  Velocity  bunching  effects  are 
neglected  In  this  work. 

II  Results  and  Discussion 

We  have  evaluated  Jo/o,  by  using  an  expression  that 
In  essence  was  .derived  by  AH.  In  particular,  we  have 
used 

“  -(  <»+l--y)  2  <1  <j 

a  5xJ 

-  •(  ofl-r)  (  sin*d  aj! 
ft  ax 

+  sin  (ft  cos  d  (M  +  )  +  cos^d  ^1!  )  d). 

Bx  By  By 

Here,  in  the  first  line  of  Eq  1,  cj  denotes  the 
component  (x  or  y)  of  a  unit  vector  that  points  along 
the  projection  of  the  wave-vector  of  the  Incident  signal 
onto  the  plane  of  the  surface,  U'  Is  the  i‘*'  component 
of  the  tidal  current,  and  the  x[y] -direction  Is  directed 
eastward  (northward].  In  the  second  line,  d  is  the 
"look"  angle  (measured  clockwise,  relative  to  north). 
The  relaxation  Constant  Is  m,  the  straining  constant  is 

7  -  1/2  (1  +  3  k^  T)/(l  +  k^  T)  (2), 

where  T-T/(  g  p) .  Here,  g  is  the  gravitational  constant, 
T  is  the  surface  tension,  p  Is  the  density  of  water,  and 
we  have  adopted  the  assumption  of  "Phillips  equilibrium" 
for  the  short-wave  energy  spectrum,  E„,  of  the  ocean  at 
Che  surface  in  which 

E<,  -  (3), 

where  a>  is  the  radian  frequency  of  the  Bragg  wave. 
Throughout,  k  is  Che  Bragg  wave-vector  -  2  k,,  where  k,, 
is  the  projection  of  the  radar  wave  vector  onto  the 
surface  plane.  There  are  minor  differences  between  our 
Eq.  1  and  Eq  38  of  AH  that  result  because  of  different 
conventions  associated  with  our  respective  definitions 
of  d  and  in  the  assumed  functional  forms  of  E^. 

AH  present  this  relationship  as  an  Intermediate  step 
in  the  development  of  their  paper  but  never  fully 


exploit  It  because  of  the  various  approximations  that 
they  employ.  In  fact,  the  sole  approximation  associated 
with  the  relationship  (Eq.  1)  beyond  the  assumption 
that  Bragg  scattering  provides  the  dominant  contribution 
to  the  backscatcer  is  that  advectlve  contributions  from 
Che  radiation  balance  equation  can  be  neglected.  Of 
significance  for  the  present  work  Is  the  fact  that  the 
relationship  can  be  applied  to  arbitrary  current 
distributions. 

We  have  numerically  evaluated  the  values  of  6a/a^ 
for  a  variety  of  different  “look"  angles  and  times 
during  the  tidal  cycle  using  the  depth-averaged 
currents,  derived  from  the  barotroplc  model  of  Greenberg 
(Greenberg,  1983),  including  periodic  and  residual 
contributions,  as  applied  to  the  Phelps  Bank,  Nantucket 
Shoals  (Greenberg  et  al.,  1989),  and  Eq.  1.  In  Fig.  1, 
we  present  representative,  spatially  resolved  contour 
maps  for  two  "look"  directions  (east  and  north)  of  this 
quantity,  evaluated  for  one  case  (t-0). 

The  relationship  of  this  plot  to  actual  images  of 
Phelps  Bank  is  complicated  by  1)  the  possibility  of 
temporal  and  spatial  variations  in  the  value  of  the 
(usually  assumed  constant)  prefactor  -(a  +  X-y)/it  found 
in  Eq.  1,  2)  the  Importance  of  the  effects  (cited  above) 
associated  with  non-linear  dependencies  of  radar  return 
on  surface  wave  height  spectrum  as  well  as  the 
Importance  of  advectlon  terms  (which  Introduce  a 
coupling  to  the  wind,  for  example)  within  the  model,  3) 
the  need  for  precise,  temporally  and  spatially  resolved 

tidal  Information  associated  with  the  area,  which  is 
necessary  for  correlating  the  physical  time  evolution 
of  the  tidal  cycle  with  the  result  of  our  calculation, 
and  4)  the  coarseness  of  the  1/8'  x  1/8'  mesh  in 
relation  to  the  SAR  resolution  and  finite  size  effects 
associated  with  the  calculation. 

On  the  other  hand,  various  features  of  the  plot  do 
seem  to  be  relevant  to  our  understanding  of  SAR  and  RAR 
imagery  of  the  region.  In  particular,  there  Is  In  fact 
a  strong  correlation  between  the  region  of  large 
positive  return  (marked  by  arrows)  for  eastward  look 
angles  with  the  steep  fluctuation  in  bathymetry  (see 
Fig.  2)  along  the  bank.  Additional  analysis  (Chubb  et 
al.,  in  preparation,  1989)  reveals  that  this  feature 
persists  in  time  throughout  a  large  portion  of  the  tidal 
cycle,  indicating  that  when  realistic  currents  are  used, 
even  within  a  first  order  relaxation/Bragg  model,  a 
strong  correlation  exists  between  the  surface  signatures 
and  bottom  topogr.aphy  of  Phelps  Bank  for  some  instances 
in  the  tidal  cycle . 

As  expected,  there  is  a  rather  strong  dependence 
of  the  surface  signatures  on  look  angle.  As  a 
consequence,  though  there  is  evidence  of  large 
backscatter  from  the  same  region  of  the  bank  in  the  case 
of  a  northward  look  angle,  the  magnitude  of  the  surface 
signature  is  significantly  reduced.  Furthermore,  the 
two  plots  in  Fig.  1  are  quite  different,  demonstrating 
the  sensitivity  of  surface  signature  to  look  angle.  This 
is  a  feature  of  So/o,  that  would  not  be  readily 
identifiable  in  a  model  that  neglects  the  two- 
dimensional  variation  in  the  current  density  associated 
with  use  of  Eq.  1.  Additional  plots,  in  other 
directions  (not  shown)  further  confirm  the  sensitivity 
of  Sa/a„  to  variation  in  look  angle. 

Existing  SAR  imagery  (Valenzuela  et  al.,  1985)  does 
reveal  strong  return  from  a  region  of  the  bank  near  the 
2jrjrov7c  in  X.  TVic  nssocl^^cd 

data  was  derived  with  a  "look"  angle  of  103°,  which 
corresponds  to  roughly  to  an  east- southeastward 
direction.  This  direction  is  quite  close  to  the 
eastward  look  angle  that  was  used  in  the  portion  of  Fig. 
1  in  which  the  large  return  is  found.  On  the  other 
hand,  it  should  be  noted  that  there  is  some  sensitivity 
with  respect  to  variations  in  time  in  our  calculated 
intensities  from  this  region  when  the  look  angle  is  set 
to  103°.  At  the  current  time,  we  are  investigating  the 
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correlation  of  this  feature  with  existing  Imagery  more 
fully  as  well  as  Including  the  effect  of  long  wave 
refraction  by  the  bottom  features. 


Ill  Conclusion 

We  have  applied  the  first  order  relaxatlon/Bragg 
model  for  evaluating  surface  signatures  using  realistic 
current  distributions  to  assess  the  two-dimensional 
effect  of  current  field.  These  currents  are  solutions 
of  the  two  dimensional  NS  equation  associated  with  a 
barotroplc  model  of  the  M2  tidal  cycle.  Our 
calculations  of  surface  signatures  thus  Involve  a 
modelling  of  the  tidal  cycle  Chat  Is  considerably  more 
complete  Chan  In  previous  Investigations,  where  tidal 
currents  have  been  created  within  a  one  dimensional 
framework,  and  Che  flow  Is  nearly  uniform  and  laminar 
free.  Our  results  show  1)  that  In  fact,  even  In  the 
limit  of  this  first  order/relaxatlon  approximation, 
there  Is  strong  correlation  between  bottom  topography 
and  surface  signature,  and  2)  Chat  this  correlation  Is 
strongly  dependent  on  look  angle  In  relation  to  current 
direction.  We  have  found  reasonable  agreement  between 
variations  In  surface  signature  and  available  Imagery 
data.  We  have  also  Identified  various  factors  which 
complicate  Che  relationship  between  Imagery  and 
calculations  of  surface  signature.  These  Include;  the 
possibility  of  temporal  and  spatial  variations  In 
various  quantities  that  are  usually  assumed  to  be 
constant,  associated,  for  example,  with  variations  in 
environmental  parameters;  the  Importance  of  non-linear 
dependencies  of  radar  return  on  wave  height  spectrum, 
as  well  as  the  importance  of  advectlon  terras  within  the 
model.  Comparisons  between  our  calculations  with 
existing  data  reveal  the  need  for  explicit,  two- 
dimensional  Information  of  the  current  field  as  a 
function  of  space  and  time. 
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Figure  1.  A  contour  map  of  calculated  values  of  (derived  using  Eq.  1)  for  radar 
looking  eastward  (left)  and  northward  (right)  over  the  Phelps  Bank.  Negative  (non¬ 
negative)  values  of  ia/o^  are  shown  as  solid  (dotted)  lines.  Contours  are  separated  by 
increments  of  5  *  10‘*  (a+l-7)/(/i-sec) ,  where  7  is  defined  by  Eq.  2,  and  fi  is  Che 
relasation  constant  and  a  is  defined  in  Eq.  3.  The  region  associated  with  each  of  these 
plots  extends  between  and  40°52.5'  N  latitude  and  69°18'  and  69‘’23'  U  longitude. 
An  arrow  is  used  to  mark  the  region  associated  with  strong  radar  return,  as  discussed 
in  the  text.  The  periodically  spaced  sec  of  contours  in  the  upper  left  corner  of  the 
northward  look  plot  is  a  spurious  effect  related  to  our  use  of  on  open  boundary 
condition  in  our  computation  of  the  tides. 


Figure  2.  A  contour  plot  of  the  bathymetry  for  the  Phelps  Bank  region,  whose  boundaries 
are  defined  as  in  Fig.  1.  Contours  are  separated  by  increments  of  5  meters.  The 
largest  (smallest)  contour  in  the  plot  corresponds  to  the  depth  SS  (20)  meters. 
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COMPARISONS  BETWEEN  MEASURED  AND  THEORETICAL  RESULTS 
FOR  C-  AND  Ac-BAND  BACKSCATTER 
FROM  NATURALLY-OCCURRING  INTERNAL  WAVE  CURRENT  PATTERNS 

T.  W.  Dawson  &  B.  A.  Hughes 
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Abstract 

This  paper  presents  a  comparison  betmen  predicted  and  measured 
values  of  radar  backscatter  and  of  internal  wave  surface  currents,  based  on 
data  obtained  during  the  SCATTMOD  internal  wave  experiment.  Radar 
backscatter  and  surface  truth  measurements  were  obtained  during  6  days  in 
August,  1985,  and  cover  9  sets  of  tide-generated  internal  waves  in  Georgia 
Strait. 

The  radar  portion  of  this  data  consists  of  approximately  75  sets 
each  of  C-  and  /fu-band  fanbeam  airborne  scatterometer  signals,  each  pro¬ 
cessed  to  25  incidence  angles  and  an  along-track  resolution  of  either  12.5m 
j  or  6.2Sm.  Aircraft  navigation  data  were  also  recorded.  Simultaneous  sur¬ 
face  measurements,  including  wave  slope,  wave  height,  current,  wind,  and 
ship  position,  were  obtained  from  CFAV  Endeavour  Current  meters  were 
.  located  both  fore  and  aft  to  allow  internal  wave  phase  velocity  estimates  to 
I  be  computed. 

I  A  first  analysis  of  the  data  is  based  on  linear  first-order  Bragg 

.  inversion  theory,  to  provide  estimates  of  surface  current  from  the  radar 
(  modulation.  Correlations  between  predicted  and  measured  current  profiles 
j  through  the  internal  wave  fields  range  from  negligible  to  approximately  0.9, 
)  with  ffu-band  predictions  generally  providing  the  better  correlations.  Cur- 
j  tent  amplitudes  (but  not  phases )  predicted  from  C-band  data  ate  generally 
i  the  best,  with  an  error  factor  tanging  from  I  to  15.  Current  amplitudes 
j  predicted  from  ffu'band  data  ate  typically  an  additional  factor  of  3  in  er- 
)  tot.  However,  the  strength  of  the  internal  wave  currents,  and  variations  in 
the  Bragg  surface  wave  vector  due  to  aircraft  attitude  variations  provide  a 
significant  source  of  error  for  this  inversion  technique. 

)  Results  from  a  second  analysis,  based  on  a  forward  modelling  of 

,  the  radar  backscatter  which  accounts  for  both  nonlinearities  in  the  surface 
wave  interaction  with  the  current  field,  and  variations  in  the  Bragg  wave 
vector  along  the  flight  path,  are  also  discussed. 

I  Keywords  :  inttHal  wave),  scaltervmeter,  miemwave  remote  sensing, 
moieibng. 

I  Introduction 

'  In  the  formation  of  images  of  internal  wave  patterns  by  radar  re- 

I  mote  sensing  techniques  there  are  two  primary  sets  of  interactions  that 
j  operate.  The  first  occurs  between  the  internal  wave  current  and  the  surface 
[  wind  wave  field  thereby  setting  up  patterns  on  the  'ocean  surface  that  ate 
sometimes  easily  discernible  by  eye.  This  interaction  has  been  previously 
,  modelled  (Hughes,  1978;  Thempeon  et  ai,  1988)  and  has  been  subjected 
to  various  experimental  tests  (Hughes  and  Grant,  1978;  Lewis  et  ai,  1974). 
The  second  interaction  occurs  between  the  surface  waves  and  the  radar  field 
(with  some  influence  still  by  the  internal  wave  current  directly  on  the  radar 
waves)  and  it  loo  has  been  subjected  to  considerable  experimental  and 
theoretical  examination  (Kasilingham  and  Shemdin,  1988,  Alpers,  1985). 

It  has  been  shown  that  linearised  approximations  provide  reason¬ 
ably  accurate  modelling  for  gravity  waves  and  internal  wave  current  fields 
that  are  not  too  ‘steep’  (Hughes,  1978).  It  has  also  been  shown  that  syn¬ 
thetic  aperture  radar  imapng  of  interna!  waves  can  be  modelled  within 
a  factor  of  2  or  3  using  linear  interaction  dynamics  and  l"-order  Bragg 


scattering  for  L-band  wavelengths  (is  30  cm),  and  that  greater  discrepan¬ 
cies  appear  for  shorter  wavelengths  (Hughes  and  Hughes,  1987).  Recent 
experiments  suggest  that  more  accurate  radar  backscatter  modelling,  com¬ 
pared  to  l''-order  Bragg,  improves  the  correspondence  between  theory  and 
experiment  (Caponi  et  ai,  1988,  Shuchman  el  ai,  1988),  and  that  inclu¬ 
sion  of  non-linear  hydrodynamical  interaction  terms  in  the  modelling  also 
improves  the  correspondence  (Caponi  el  ai,  1988). 

The  present  experiment  (SCATTMOD  I)  was  performed  in  south¬ 
ern  Georgia  Strait  on  the  West  Coast  of  Canada  during  the  time  period 
5  Aug  -  10  Aug,  1985.  Strong  natural  internal  waves  are  generated  in 
this  region  during  the  summer  by  tidal  flow  through  the  connecting  inter- 
island  passages,  and  result  in  very  well-developed  surface  modulations  in 
the  wind-wave  field.  Remote  imagery  was  obtained  with  a  fan-beam  scat¬ 
terometer  mounted  in  a  CV-580  aircraft  flown  by  the  Canada  Centre  for 
Remote  Sensing  (CCRS).  Two  wavelengths  were  used,  C-band  («  6  cm) 
and  /fu-band  (is  2  cm)  and  these  were  subsequently  processed  using  syn¬ 
thetic  aperture  techniques  into  highly  resolved  narrow  strip  imagery  (one 
pixel  wide).  Simultaneous  (but  not  necessarily  coincident)  surface  mea¬ 
surements  were  made  by  equipment  mounted  on  the  research  ship  CFAV 
Endeavour. 

The  analysis  and  results  described  herein  represent  an  attempt  to 
use  measured  surface  currents  to  predict  the  scatterometer  modulations, 
and  also  to  do  the  reverse  problem,  that  is,  to  start  with  the  the  scatterom¬ 
eter  modulations  and  to  predict  the  currents. 

Two  questions  can  be  asked  of  the  data  set  :  (i)  At  these  short 
wavelengths,  how  accurate  is  the  linear  l"rorder  Bragg  modelling  in  pre¬ 
dicting  either  the  currents  or  the  scatterometer  modulations  given  one  or 
the  other  ?,  and  (ii)  how  accurate  can  the  modelling  be  made  ?.  The 
first  question  has  been  answered  by  using  forward  and  reverse  modelling; 
the  second  question  has  not  been  fully  answered,  although  non-linear  fluid 
dynamical  interactions  have  been  included  in  the  forward  modelling. 

The  data  ate  noisy,  sparse  and  subject  to  strong  assumptions  in  the 
modelling.  The  scatterometer  traces,  although  showing  surprisingly  large 
modulations  (a  10  dB)  especially  at  the  shorter  Ku-band  wavelengths,  are 
inherently  noisy.  This  has  been  dealt  with  to  a  certain  degree  by  averaging 
over  several  adjacent  incidence  angle  bands,  but  more  noise  remains  than 
is  desirable.  The  current  measurements  are  also  ‘noisy’  because  the  inter¬ 
nal  waves  themselves  contain  irregularities,,  and  because  instrument  noise 
is  not  completely  removed.  Some  residual  instrument  motion  also  occurs 
within  the  internal  waves  due  to  ship  and  sensor-mount  responses  to  the 
current  and  wind-wave  fields.  The  aircraft  and  ship  measurements  were 
taken  along  lines  that  were  as  nearly  the  same  as  possible,  but  they  are,  of 
course,  separate,  and  one  w»«  done  at  low  speed  and  the  other  at  high  speed 
compared  to  the  internal  waves.  This  disparateness  has  required  assuming 
that  propagation  and  evolution  features  of  the  internal  wave  and  wind- 
wave  fields  are  negligible  over  time  scales  of  the  order  of  1/2  to  1  hour,  and 
further  that  the  internal  waves  are  straight-crested  and  propagate  strictly 
perpendicular  to  their  crests  at  a  common  phase  speed  Both  of  these  are 
only  approximations  to  reality. 

The  ambient  wind-wave  field  is  assumed  to  be  ‘saturated’  and  mod¬ 
elled  by  a  simple  power  law  description  in  wavenumber  space.  Previous 
measurements  (Hughes  and  Hughes,  1987)  indicate  that  this  is  also  a  sig¬ 
nificant  assumption  and  that  it  should  be  allowed  for  in  the  interpretation 
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of  the  results. 

Altliough  the  data  set  is  imperfect  because  of  the  above  reasons, 
it  does  represent  a  unique  and  valuable  set  of  measurements  Very  few 
remote  sensing  data  sets  exist  with  supporting  surface  truth  measurements 
of  almost  any  kind,  particularly  at  these  short  radar  wavelengths.  It  is 
hoped  that  the  imperfections  of  the  data  will  be  outweighed  by  the  signif¬ 
icance  and  originality  of  the  obtained  results  for  this  largely  untested  area 
of  oceanographic  remote  sensing. 

The  following  sections  of  this  report  provide,  in  order,  a  description 
of  the  data,  the  basic  theory  used  in  the  modelling,  the  data  processing, 
results  in  the  form  of  regressions,  and  discussion  and  conclusions.  Errors 
do  exist  in  estimations  of  the  parameters  of  the  experimental  conditions, 
(e.g.  aircraft  speed,  internal  wave  propagation  speed  and  direction,  wind 
speed)  and  these  are  considered  as  well. 

2  Data  Set 

The  equipment  on  the  ship  was  essentially  the  same  as  that  de¬ 
scribed  elsewhere  (Hughes  ei  ai ,  1984)  A  boom-mounted  instrument  plat¬ 
form  ahead  of  the  bow  of  the  ship  carried  a  DREP-constructed  laser  wave- 
slope  meter,  a  (*bow*)  current  meter  at  a  nominal  1-m  depth,  a  wavchciglit 
wire,  thermistors,  accelerometers  and  an  anemometer.  A  second  anemome* 
ter  was  mounted  on  tlie  ship  mast,  as  was  a  trisponder  unit  associated 
with  three  shore-based  remote  units  at  known  locations.  A  second  boom 
positioned  off  the  starboard  side  at  the  stern  of  the  ship  carried  a  second 
(‘stern’)  current  meter  Data  from  these  instruments  were  recorded  on 
computer  tapes,  along  with  ship’s  heading  information. 

During  the  experiment,  tlic  sliip  made  one  or  more  passes  through 
sets  of  naturally-occurring  internal  waves  under  the  direction  of  a  helicopter- 
borne  observer  There  were  a  total  of  nine  sets  of  internal  waves  for  which 
data  from  simultaneous  aircraft  overflights  arc  available,  some  of  which 
were  measured  during  more  than  one  ship  pass  These  data  arc  described 
in  detail  elsewhere  (Dawson  and  Hughes^  1989). 

Also  available  during  the  ship  measurements  are  several  hundred 
time-encoded  photograplis  of  the  experiment  taken  by  the  helicopter  ob¬ 
serve*,  at  typical  altitudes  of  several  hundred  metres.  The  internal  wa^'cs 
are  clearly  visible  in  many  of  these  photographs,  and  this  helped  to  Identify 
internal  wave  crests  in  the  ship  data  files  (see  Figure  1).  The  rest  of  the 
data  were  obtained  from  the  CV-580  aircraft  This  data  set  has  been  dis¬ 
cussed  elsewhere  (van  Halsema  et  ai,  1986)  It  consists  of  approximately  75 
sets  of  C-  and  Ku^  band  along-track  fan-beam  scattcromctcr  data,  along 
with  pertinent  aircraft  track-related  data,  obtained  during  repeated  over¬ 
flights  of  the  internal  waves,  with  a  track  approximately  perpendicular  to 
the  internal  wave  crests. 

The  data  and  parameters  are  summarized  elsewhere  (Dawson  and 
Hughes,  1989).  The  data  represent  a  mixture  of  polarizations  and  resolu¬ 
tions  (nominal  C-m  or  12-m  pixels),  in  both  C-  and  /fu-  band.  The  data  for 
these  flights  was  processed  for  DREP  by  CCRS  from  the  aircraft-recorded 
data.  The  processed  files  each  consist  of  several  hundred  records  consisting 
of  a  time  stamp,  a  time  offset  from  midnight  (UT),  a  calibration  signal  for 
each  band,  ground  speed,  aircraft  altitude,  and  instantaneous  track  head¬ 
ing!  together  with  25  values  each  of  incidence  angle,  radar  look  direction 


Figure  1j  Photograph  of  CFAV  Endeavour  commencing  the  internal  wave 
measurement  run  for  Set  #16,  taken  from  the  helicopter  at  10:29:21  (PDT). 


(measured  relative  to  the  track  angle),  and  scattering  coeflicicnts  for  each  of 
the  C-  and  /fy-  signals.  Integration  of  the  track  data  gives  an  aircraft  po¬ 
sition  relative  to  some  arbitrary  origin,  which  is  made  precise  using  a  nadir 
photograph  of  the  ship.  Incidence  angle  and  look  direction  give  a  relative 
direction  from  the  aircraft  to  the  center  of  each  pixel  in  the  record,  and  al¬ 
low  computation  of  a  representative  Bragg  wave  vector  for  the  pixel.  These 
pixels  were  processed  from  the  aircraft  data  using  a  constant  footprint  'j*  i 
simultaneously  constant  incidence  angle  width  mode. 

3  Theory 

The  basic  model  is  dcHncd  witli  respect  to  a  stationary  land-based 
Cartesian  reference  frame  (x,y),  where  x  is  East  and  y  is  true  North.  Plie- 
nomenologically,  a  spectrum  of  surface  water  waves  with  wavcvector  field 
k(£,f)  and  ambient  action  spectrum  evolved  under  the  influence  of 
a  water  current  field  u(x,t)  and  wind  field  (7.  The  resulting  surface  wave 
field  was  then  viewed  by  the  airborne  scattcromctcr,  while  simultaneous 
ship-borne  measurements  of  relevant  surface  parameters  were  taken.  The 
two  sets  of  data  were  linked  by  a  nadir-looking  photograph  of  the  ship  at 
some  point  during  each  overfligiit.  Typical  stiip  measurement  tuns  were  of 
the  order  of  one  hour,  and  the  aircraft  measurement  runs  of  the  order  of 
two  minutes. 

Parameters  measured  on  tlic  ship  which  are  relevant  to  this  article 
include  time,  position  s  with  respect  to  a  set  of  land-based  trisponders  at 
known  locations,  vector  water  current  u  relative  to  the  ship  at  bow  and 
stern  current  meters,  and  wind  velocity  with  respect  to  the  ship.  These 
data  were  processed  to  get  estimates  of  tlie  current  with  respect  to.  the 
above  land-based  coordinate  frame  along  the  ship’s  track,  i.e.  u(si[f),fj. 

For  modelling  purposes,  it  was  necessary  to  extrapolate  these  cur¬ 
rent  and  wind  measurements  to  other  positions  and  times,  and  some  as¬ 
sumptions  were  therefore  necessary.  The  currents  of  interest  during  the  ex¬ 
periment  consisted  of  tidally-gcncrated  internal  wave  packets,  propagating 
through  tidal  drift  currents.  It  was  assumed  that  the  drift  component  was  a 
uniform  translation  So,  and  that  the  internal  waves  were  sufliciently  long- 
crested  that  crest  curvature  could  be  ignored,  and  of  sufliciently  long  wave¬ 
length  that  dispersion  could  be  neglected.  Tlius  the  surface  current  model 
consists  of  a  two-dimensional  longitudinally  propagating  non-dispersive  in¬ 
ternal  wave  packet,  plus  a  uniform  ambient  drift.  A  second  Cartesian  co¬ 
ordinate  system  (X,Y)  was  introduced,  defined  to  be  at  test  with  respect 
to  the  mean  water,  and  oriented  so  that  the  internal  wave  propagation  is 
along  the  X-axis  at  phase  speed  C.  The  internal  wave  current  was  then 
assumed  to  be  adequately  modelled  by  the  functional  form 

U(X,t)  =  Xi{X-Ct),  (1) 

so  that  the  total  water  current  in  the  (Xiy)-frame  was 

S{x,t)  =  So  +  X^X-Ct).  (2) 

Coordinates  in  the  two  reference  frames  were  related  by  f  =  .^  -f  Sot, 
provided  that  the  origins  coincide  at  f  =  0  To  make  things  definite,  the 
time  origin  for  each  aircraft  overfligiit  was  taken  to  be  that  of  the  nadir 
photograph,  and  the  common  coordinate  origin  at  this  time  was  taken  to 
be  the  location  of  the  bow  current  meter. 

The  raw  data  obtained  during  the  experiment  were  the  north  and 
east  components  of  the  water  velocity  relative  to  the  ship,  S,(t)  =  u(l)  - 
s{t)  These  data  were  contaminated  by  internal-wave  coupled  noise  (Daw¬ 
son  and  Hughes,  1089),  which  was  removed  by  fitting  separate  cubic  poly¬ 
nomials  to  each  of  the  easting  and  northing  measurements,  and  using  these 
to  compute  an  instantaneous  ship  velocity  estimate.  This  approximation 
was  used  in  the  above  expression  to  estimate  values  of  S{t).  The  mean  drift 
So  was  estimated  as  the  average  of  the  water  current  with  respect  to  land 
during  each  ship  measurement  period.  Correlation  methods  using  the  time 
differences  between  the  two  current  meter  signals  were  used  (Hughes  et  at., 
198'!)  to  estimate  a  phase  propagation  speed  C  for  the  iiiterHal  wave  part  of 
the  current  field,  and  the  direction  of  propagation  X  was  estimated  at  the 
time  of  the  experiment  and  corrected  using  the  nadir  photographs  provided 
by  ecus.  The  internal  wave  current  envelope  $  and  the  spatial  coordinate 
relative  to  tlie  moving  internal  wave,  x.  were  then  estimated  with  respect 
to  land  from  the  bow  current  meter  signals  according  to 

X  =  :X.(s-(f)-i7oll-Cf,  «t(x)  =  :X-(uti(i).<)-ffo).  (3) 

These  data  were  then  used  to  construct  a  wciglitcd  least-squares  cubic  spline 
approximation  to  <1>  which  was  used  in  solving  the  diflcrcntial  equations. 
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The  surface-internal  wave  interaction  equations  require  the  wind 
field  W(^,t)  =  u?{£,i)-uo  relative  to  the  still  ambient  water,  where  ui{x,t) 
is  the  wind  in  the  land-based  (*,  y)-ftame.  The  measurements  were  of  the 
wind  relative  to  the  ship  at  the  ship’s  location,  i  e.  the  data  file  contains 
samples  of  w,{t)  =  -  s{t).  For  lack  of  a  better  approximation,  the 

wind  velocity  was  assumed  to  be  constant  throughout  each  aircraft  run,  and 
obtained  from  the  ship  data  as  a  time  average  over  each  aircraft  overflight 
period,  i.e.  IV  =<  w,{t)  >  -K  i(t)  >  -uo- 

During  each  overflight,  the  aircraft  data  available  included  time, 
aircraft  heading  and  speed,  beam  incidence  angle  and  look  direction,  as 
welt  as  the  associated  backscatter  coefficients,  referenced  to  the  nadir  posi¬ 
tion.  Measurements  from  the  nadir  photograph,  together  with  the  known 
dimensions  of  the  ship,  were  used  to  compute  a  position  vector  offset  Ao  of 
the  bow  current  meter  position  with  respect  to  the  aircraft  nadir  point  at 
time  (o-  Ftom  the  aircraft  velocity  information  i^(t)i  the  aircraft  position 
p(t)  was  computed  by  integration. 

For  each  aircraft  data  sample,  the  aircraft  track  angle  incidence 
angle  Si,  look  direction  0i  and  radar  wavelength  A,  information  allowed 
computation  of  a  surface  wave  Bragg  vector 

=  47rsin(fl(){J  cos(Si  +  8^)  -h  5sin(0r  +  Sc)]IK-  (4) 

The  equations  governing  the  interaction  between  surface  and  inter¬ 
nal  waves  are  those  of  Hughes  (1978)  These  are  written  in  the(X,Y)-frame, 
in  which  the  ambient  water  is  at  rest.  In  Cartesian  tensor  form  (with  in¬ 
dices  running  from  1  tu  2,  and  implied  summations  over  repeated  pairs), 
the  evolution  of  a  surface  wave  vector  R  and  associated  action  spectrum  <j> 
in  time  and  space  is  governed  by 

a<,  =  -K,dU,ldXi,  (5) 

Here  the  differential  operator  C  is  defined  by 

c  =  didi-i-(Uj+  duidii, )  didx, ,  (6) 

and  t!'o(/v')  denotes  the  value  in  the  absence  of  any  current  gradients.  Com¬ 
putations  in  this  report  ate  based  on  an  ambient  action  spectral  form 

UR)  =  /lolcosKO  -  (?o)/21l'/f-[w(/7))‘,  (7) 

where  /!o,s,o,6  arc  constants,  and  0  and  0a  respectively  denote  the  polar 
angles  of  R  and  IV’.  The  surface  wave  intrinsic  frequency  u(/C),  incorpo¬ 
rating  both  gravity  and  surface  tension  effects  is 

a(/7)  =  ^j|/?|.hT|/7p.  (8) 

If  a  height  spectrum  containing  a  K"'  behavior  is  to  be  used,  then  a  = 
-1/  —  1  and  6=1.  This  uses  a  factor  u^/K  (which  is  just  the  constant  ; 
for  long  surface  waves,  but  which  may  deviate  from  y  for  the  short  Bragg 
waves)  to  convert  the  height  spectrum  to  an  energy  spectrum,  which  is 
then  divided  by  u  to  convert  it  to  an  action  spectrum  For  purposes  of 
this  report,  the  ‘saturated’  ideal  values  s  =  i/  =  4  were  used  for  lack  of 
measured  estimates  of  the  true  spectral  shape  during  the  experiment.  The 
wind  speed  enters  via  (Plant,  1982,  omitting  wind  angle  dependence) 

0(R)  =  0.04|/<pu;/u(/?),  (9) 

where  uj  is  given  by  (Amorocho  and  deVries,  1980) 

u2  =  IVVI*  {0.00104  -f  0.0015/  [1  -I-  expl-dVV'l  -  12.5)/1.5el] } .  (JO) 

•  The  scattering  mechanism  was  assumed  to  be  first'Ordcr  Dcagg. 
Thus  it  was  assumed  that  the  backscattered  signal  was  proportional  (Wright, 
1968)  to  the  integral  of  the  total  mean*square  height  of  surface  waves  at 
the  local  Bragg  wavenumber,  over  the  instantaneous  beam  footprint.  For  a 
narrow  band  incident  beam,  this  quantity  is  approximately 

/(£,()  X  {«[fB(£,01+«(-fB(?.01)«tB, 

where  "H  is  the  local  height  spectrum  in  the  surface  waves,  and  Skg  is  a 
measure  of  the  beam  bandwidth.  The  height  spectrum  can  be  related  to 
the  action  spectrum  <li  and  the  intrinsic  frequency  u  of  the  surface  waves 
by  7f  =  ktli/u  and  since  u  depends  only  on  |/f|,  the  scatterorneter  image 
can  be  modelled  as 

!  «  Wh)  +  <l>(.-h)H\ko\Kko))6kD-  (II) 

If  the  environmental  parameters  are  available  in  a  numerically 
tractable  form,  the  above  equations  can  be  solved  either  to  predict  val¬ 
ues  of  tli{x,t)),  thereby  simulating  a  scatterorneter  image,  or  inverted  in 
some  manner  to  predict  the  internal  wave  current  distribution  from  the 
scatterorneter  signal,  as  will  be  discussed  below. 


4  Forward  Modelling 

This  section  is  concerned  with  attempts  to  model  the  radar  image 
from  the  surface  measurements.  Using  the  method  of  characteristics.  Equa¬ 
tions  (8)  were  converted  to  a  set  of  coupled  ordinary  differential  equations 
for  the  values  of  0  and  R  along  a  trajectory  X(t), 

Xi  =  Uj  +  duidKi,  i<i  =  -i<jdUiidXt,  0  =  /?0(i-V’/V’o).  (12) 

However,  in  this  reference  frame,  the  current  is  given  by  Equation  (1)  and 
has  only  an  Xi  component.  The  first. pair  of  Equations  (12)  thus  reduce  to 
If j  =  0  and 

Xi  =  du/dKi+^Xi-ct),  X,  =  Su/a/fj,  Ri  =  -/f,3«(x,-ci)/axi. 

Therefore  Ka  is  constant  during  the  integration.  It  can  also  be  verified 
from  these  equations  that  the  quantity  J(t)  =  (4  —  C)K\  -t-w  is  a  constant 
during  the  integration,  and  this  can  serve  as  an  accuracy  control  function 
during  numerical  solution  of  the  characteristic  equations.  Alternatively,  the 
equation  J{1)  =  J{t-)  (where  (_  is  an  integration  starting  time )  can  serve 
as  a  solution  for  I<\  as  a  function  of  Xi,  although  this  involves  salving  a 
sixth  degree  polynomial  at  each  point,  owing  to  the  functional  form  Equa¬ 
tion  (8).  Thus  in  principle,  only  the  equation  for  Xi  needs  to  be  integrated 
numerically.  The  other  variable  can  then  be  expressed  formally  as  integrals. 
The  solution  (Hughes,  1978)  for  t6  along  the  characteristic,  once  .^(<),  /?(<) 
are  known,  can  be  expressed  as 

imr'  =  iMt))-'  -  J‘  {.d{Mn))-'/dn)exp  dn- 

This  form  shows  that  the  actual  initial  conditions  are  ‘forgotten’  in  a  man¬ 
ner  depending  on  e"I”l,  where  to  =  /?(v)dr. 

To  compute  a  synthetic  scatterorneter  trace,  the  following  proce¬ 
dure  was  used.  For  each  aircraft  sample  at  time  tj,  the  instantaneous  plane 
position  p[ij)  was  used  as  the  ‘initial’  position,  and  an  initial  Bragg  wave 
vector  icBi  ^4  position  was  computed  using  Equation  (4)  These  were 
then  expressed  in  the  (X,l')-frame  to  get  initial  vectors  Rj,  and  Rgj  at 
which  ^(RjtRsh^i)  's  dwited.  The  differential  equations  for  R(t),K{i), 
augmented  by  the  additional  equation  a  =  0  were  then  integrated  from 
tj  backwards  to  some  earlier  time  t-  determined  by  either  the  trajectory 
being  per.manently  outside  of  the  support  of  ♦,  or  by  o  having  exceeded 
some  specified  upper  bound,  indicating  that  the  actual  starting  values  for 
the  forward  problem  to  determine  f  should  be  relatively  unimportant.  The 
differential  equation  for  was  then  integrated  forward  in  time  from  t_  to 
t],  using  the  initial  condition  d'(t_)  =  t6e[/f(l_)].  The  resulting  value  of 
t6(lj)  then  gives  the  expected  Bragg  contribution  to  Equation  (11).  The 
procedure  was  then  repeated  for  the  anti-Bragg  wave  vector,  and  the  results 
expressed  as  a  synthetic  image  according  to  Equation  (11),  the  bandwidth 
term  being  incorporated  into  the  overall  (indeterminate)  multiplicative  con¬ 
stant. 

5  Reverse  Modelling 

This  section  is  concerned  with  attempts  to  estimate  the  internal 
wave  current  from  the  scatterorneter  image.  The  procedure  is  analogous 
to  that  of  Hughes  and  Hughes  (1987).  Specifically,  Equations  (5),  together 
with  the  functional  form  =  fo(X)  can  be  used  to  derive  the  (exact) 
result 

where  ^  =  log(v6/d’o),r  =  (l<i/<;>a){9<l>a/dK,)(dU,ldXi)  If  the  currents 
are  sufficiently  weak,  then  ^  =  tj/a,  and  the  current  term  in  Equation  (6) 
can  be  neglected  relative  to  the  group  velocity,  provided  that  the  surface 
wave  is  not  directed  along  the  internal  wave  crests.  Moreover  the  wave 
vector  remains  constant  in  this  approximation  (Hughes,  1978),  and  the 
above  equations  immediately  simplify  to 

{e/«  +  /?  +  (5-/eff,)5/5X,)X=XAtlo''(fivV5XA)5S(X  Ct)/dX. 

It  is  then  assumed  that  the  modulation  pattern  is  locked  onto  the  internal 
wave,  so  that  ^  =  F{X  -  Cl).  With  x  =  X  -  Cl,  this  finally  reduces  to 
an  ordinary  differential  equation 

c,:F'(x)-k0Hx)  =  'tnx).  (13) 

where  a  =  du/dKx  -  C,  7  =  (KxI'I’a)  {d’I’o/OKx)  are  constants  depend¬ 
ing  on  the  particular  wavevector  R  under  consideration. 
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If  Equation  (11)  is  linearized  about  a  mean  modulation  /o,  then  it 
is  readily  shown  that 

1  =  log(///o)  «  ///o  -  1  =  '■+:f+  +  r.T.,  (14) 

where  r±  =  t(’ol;/(t^OT  +  V’o-).  ‘I'e  subscript  '+’  referring  to  Bragg  and 
to  anti-Bragg  contributions  Quantities  dependent  only  on  |/?b1  cancel 
in  this  expression  The  logarithm  of  the  scatterometer  signal  with  the 
mean  removed  provides  a  direct  estimate  of  J,  from  which  it  is  desired  to 
reproduce  an  estimate  of  ‘f(x)' 

The  inversion  algorithm  is  most  easily  derived  with  the  help  of 
Fourier  transforms.  TVansformation  of  Equation  (13)  written  for  Bragg 
and  anti-Bragg  components  leads  to  the  “solutions” 

Mi)  =  -  '■««*).  (15) 

and  application  of  Equation  (14)  then  leads  to  an  expression 

i(0  =  {>'+7+/(/l+  -  '■?«+)  +  r.y-l{0-  -  '■?«-)} 'i’(^)■  (16) 

relating  the  Fourier-transformed  scatterometer  data  to  the  current  field. 
Thus  the  current  may  be  thought  of  as  filtered  version  of  the  scatterometer 
signal  i(?)  =  This  is  easily  implemented  (Dawson  and  Hughes, 

1989)  in  a  numerical  scheme. 

To  estimate  the  current  represented  by  each  scatterometer  trace  the 
following  procedure  was  used  The  data  were  processed  (by  CCHS)  to  a  set 
of  nominal  incidence  angles.  In  several  cases,  the  traces  contained  a  direct 
return  from  the  ship,  which  ivas  removed  Then,  for  each  incidence  angle,  an 
average  Bragg-surface  wave  vector  was  computed  for  the  entire  aircraft  pass. 
The  scatterometer  data  were  converted  from  dB  to  a  zero-mean  natural 
logarithm  form,  and  a  lilted  cubic  polynomial  subtracted  to  remove  any 
long-term  trends  due  to  radar  and  aircraft  variations.  These  data  were 
then  used  directly  in  Equation  (14)  as  I,  and  then  processed  (filtered) 
according  to  Equation  (16)  to  obtain  current  estimate.  The  procedure  was 
repeated  separately  for  each  nominal  incidence  angle,  resulting  in  25  current 
estimates  for  each  of  the  C  and  A'u  data  sets  for  each  overflight. 

6  Results  and  Discussion 

An  example  of  the  results  of  the  modelling  compared  to  the  mea¬ 
sured  signals  is  shown  in  Figure  2.  The  bottom  panel  depicts  the  internal 
wave  current  as  a  function  of  distance  (m)  through  the  internal  wave  field, 
with  the  amplitude  (ms'*)  given  on  the  left-hand  scale.  The  current  is  also 
depicted  in  a  greyscale  plot  in  a  two-dimensional  coordinate  system  (fixed 
to  the  internal  waves)  depicted  on  the  right  hand  and  bottom  scales  (m). 
The  ship  track  (marked  with  x's  at  60-s  intervals)  and  the  plane  track  (with 
ticks  at  1-s  intervals)  arc  also  shown  in  this  two-dimensional  frame.  The 
times  oq  the  ship  track  are  PDT;  those  on  the  aircraft  track  arc  in  sec¬ 
onds  relative  to  lo-  As  explained  earlier,  the  coordinate  origin  is  the  nadir 
position  in  the  pertinent  nadir  photograph.  The  top  panel  shows  the  pre¬ 
dicted  scatterometer  modulation  from  the  forward  modelling  for  C-band, 
while  the  panel  below  it  shows  the  corresponding  measured  scatterometer 
data.  The  greyscale  background  shows  t)ie  modulations  from  the  25  inci¬ 
dence  angles  used  in  each  run,  with  the  steepest  incidence  angles  at  the  lop, 
and  the  shallowest  at  the  bottom  of  each  panel.  The  superimposed  curves 
represent  variations  In  the  average  over  all  incidence  angles,  with  ampli¬ 
tudes  shown  on  the  leftmost  scale.  Both  panels  arc  in  a  log,  domain,  with 
the  along-track  mean  removed  from  each  incidence  angle  line  separately. 
The  fourth  panel  from  the  bottom  contains  the  predicted  Ku-  modulations 
from  the  forward  modelling,  with  the  associated  measured  data  below  it, 
in  a  similar  manner  to  the  C-band  data.  The  reverse  modelling  results,  i.e. 
predicted  current  from  the  scatterometer  signals,  arc  presented  in  the  fifth 
panel  from  the  bottom  for  C-band,  and  in  the  second  panel  from  the  bot¬ 
tom  for  ffu-band  Again,  the  greyscale  contains  variations  predicted  from 
each  incidence  angle  separately,  and  the  average  is  shown  in  the  superim¬ 
posed  curve.  All  signals  have  been  bandpass  filtered,  using  a  zero-phase, 
fourth-order  Butterworth  filter,  with  the  passband  for  the  ilata  of  Figure 
2  corresponding  to  wavelengths  between  96m  and  288m.  chovn  lo  bracket 
most  of  the  significant  internal  wave  energy,  as  determined  from  a  power 
spectral  analysis.  It  can  be  seen  that  there  is  a  high  degree  of  correla¬ 
tion  between  the  measured  and  the  predicted  traces  for  both  forward  and 
reverse  modelling,  i.e.  between  the  topmost  two  panels  for  the  C-band 
scatterometer,  between  the  third  and  fourth  panels  from  the  bottom  for 
the  /fu-band  scatterometer,  and  between  the  first,  second  and  fifth  panels 
from  the  bottom  for  the  currents  The  apparent  phase  shift  between  cur¬ 
rent  and  scatterometer  traces  arises  from  the  filtering  operation  described 
by  Equation  (16). 


Ronge  (m) 


Figure  2  Measured  and  predicted  results  from  Data  Set  #16.  From  lop 
to  bottom,  the  panels  contain  predicted  C-band  modulations,  measured 
C-band  modulations,  predicted  current  from  C-band,  predicted  A„-band 
modulations,  measured  /f„-band  modulations,  predicted  current  from  Ku- 
band,  and  measured  current.  Refer  to  the  text  for  further  details. 
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Table  I:  Correlation  values  and  RMS  ratios.  The  reverse  modelling  numbers 


Data 

Set 

C7-band 

A'„-l 

land 

Correlation 

RMS  Ratio 

Correlation 

RMS  Ratio 

16 

0.82  (0.80) 

8.6  (11.4) 

0.88  (0.80) 

32.5  (34.3) 

17 

0.78  (0.78) 

13.7  (13.9) 

0.77  (0.78) 

47.4  (42.9) 

18 

0.82  (0.77) 

11.6  (15.7) 

0.82  (0.77) 

45.6  (47.4) 

20 

0.70  (0.55) 

7.2  (  9.7) 

0.76  (0.56) 

33.5  (30.0) 

28 

0.70  (0.68) 

1.3  (  1.6) 

0.73  (0.69) 

8.8  ( 5.0) 

29 

<0.70 

— 

0.71  (0.62) 

10.9  (  8.0) 

47 

<0.70 

— 

0.72  (0.68) 

7.5  ( 7.5) 

55 

0.71  (0.57) 

1.4  (  1.3) 

0.80  (O.57) 

3.2  ( 3.8) 

56 

0.78  (0.70) 

1.8  (  1.6) 

0.82  (o.es) 

4.5  ( 4.5) 

63 

0.77  (0.72) 

6.6  (10.2) 

0.75  (O.72) 

26,8  (32,5) 

64 

0.78  (0.71) 

8.1  (13.2) 

0.74  (0.71) 

31.6  (40.2) 

A  photograph  taken  from  the  helicopter  at  10'29'21  PDT  is  shown 
in  Figure  1.  The  ship  (length  G7m)  is  seen  commencing  a  pass  through  the 
internal  wave  set,  in  accordance  with  the  lainut  shown  in  the  bottom  panel 
of  Figure  2. 

Numerical  correlation  studies  were  performed  on  the  data  from  all 
runs  as  follows.  Each  data  set  was  averaged  over  groups  of  6  adjacent  inci¬ 
dence  angles  down  to  5  ‘bins’,  as  well  as  to  a  single  overall  average,  forming  a 
sixth  bin.  Each  predicted  signal  bin  (both  bands,  forward  and  reverse  mod¬ 
elling)  was  allowed  a  range  of  moderate  horizontal  stretch/shrink  factors 
and  shifts  to  account  for  any  uncertainties  in  the  registration  and  velocity 
values.  From  the  entire  data  collection,  8  C-band  sets  show  correlations 
>  0.70  with  shifts  of  less  than  100  m  and  stretch  factors  of  less  than  10^. 
The  Ku'band  data  shows  correlations  >  0.70  for  11  sets  (including  all  of 
the  preceding  8)  under  the  same  limits.  These  correlations  refer  to  the 
average  over  all  incidence  angles.  Similar  values  are  obtained  from  the  bin- 
averages.  The  curves  shown  in  Figure  2  have  correlations  of  0.82  at  a  4% 
stretch  and  shift  of  0  m  for  the  C-band  forward  modelling,  and  0.88  for 
the  /<u-band  prediction  at  a  shift  of  12  m  and  1%  stretch.  These  were  the 
highest  correlations  obtained  from  the  data  collection.  For  the  reverse  mod¬ 
elling,  correlations  between  predicted  and  measured  current  traces  for  these 
examples  were  0.80  for  both  the  C  and  /fu  cases,  both  at  a  shift  of  6  m  and 
4%  stretch  factor.  In  all  four  panels  of  Figure  2  containing  predicted  data, 
the  heavy  superimposed  curve  is  the  result  of  these  correlation-optimized 
stretch  and  shift  factors.  The  original  unstretched,  unshifted  curves  arc 
visible  as  the  faint  traces  on  these  same  panels. 

Comparisons  between  the  amplitudes  of  the  predicted  and  mea¬ 
sured  data  have  been  obtained  as  ratios  of  their  root-mean-square  val¬ 
ues.  Standard  regression  coelTicients  assume  errors  in  the  ordinate  only 
and  provide  a  slope  value  that  is  simply  the  rms  ratio  multiplied  by  the 
correlation  coefficient.  A  regression  slope-value  can  be  obtained  as  well 
with  errors  in  the  abscissa  only,  and  the- geometric  mean  of  this  value  and 
the  ordinate-error  value  is  simply  the  rms  ratio.  Since  errors  can  exist  in 
both  dimensions,  the  rms  ratio  seems  to  be  a  reasonable  estimator.  For 
the  data  in  Figure  %  the  ratios  are  8.6  and  32.6  for  the  forward  modelling 
in  C-  and  /fy-band  respectively,  the  scatterometer  modulations  being  un¬ 
derpredicted  in  both  cases.  For  the  reverse  modelling,  the  ratios  are  11  4 
and  34.3  respectively,  with  the  currents  being  ovcrpredicted 

Values  of  correlation  and  rms  ratio  are  given  in  Table  I  for  each  of 
the  ‘best’  data  sets,  i.e.  those  satisfying  the  above  mentioned  criteria  on 
correlation,  stretch  and  shift.  If  the  modelling  were  perfect,  these  values 
would  all  be  unity.  Deviations  in  the  rms-  ratios  from  unity  probably  indi¬ 
cate  inadequacies  in  the  theory.  It  can  be  seen  that  the  ratios  range  from  1  3 
to  15.7  for  C-band,  and  from  3.2  to  47.4  for  Ay -band  (There  is  perhaps 
a  slight  trend  with  incidence  angle,  not  shown  in  Table  I,  such  that  steeper 
angles  possess  modestly  reduced  upper  values.  This  might  be  an  indication 
(agam)  that  longer  Bragg  waves  are  modelled  better  than  shorter  ones  )  In 
i'll  cases  but  one  (#17),  the  forward  (non-linear)  modelling  provides  higher 
cc.-relation  values  than  the  reverse  (linear)  modelling.  The  rms  ratios  ate 
alia  better  (smaller)  for  the  majority  of  cases.  In  those  data  sets  for  which 
the  foi  -ward  modelling  was  better,  the  overall  reduction  in  rms  ratio  is  35% 
for  C'-band  and  15%  for  Ky-band. 

Numerical  experiments  have  been  carried  out  on  data  set  #16  in 
an  attempt  ‘o  determine  the  sensitivity  of  the  rms  ratios  to  the  various 
model  parameters.  In  particular,  #  was  given  an  angular  dependence  simi¬ 
lar  to  the  unoe.-lying  ambient  wave  spectrum,  i.e.  cos'((S-do)/2).  Also  the 


logarithmic  slope  of  the  ambient  energy  spectrum  in  wavenumber  (magni¬ 
tude)  space  (i.e.  1-b'a’  in  Equation  (7)  was  varied  from  -3  to  -6.  For  Data 
Set  #16  the  /J-variation  produces  a  factor  of  about  3  improvement  in  the 
rms-ratio  values  for  both  bands  and  for  both  ferward  and  reverse  modelling 
(values  in  Table  I  changing  from  8.6(11.4)  to  3.1(3.8)  for  C-band,  and  from 
32.5(34.3)  to  10.3(11.0)  for  /fy-band.).  Changing  1-b‘a’  to  -6  from  the 
‘standard’  value  of  4  produces  very  nearly  a  factor  1.5  improvement  in  the 
rms-ratios,  again  for  both  bands  and  both  models.  There  is  some  evidence 
(Hughes  and  Hughes,  1987)  that  for  these  short  waves,  in  this  location,  the 
slope  is  steeper  than  -4  and  is  mote  neatly  -6  or  -7,  and  so  perhaps  a  factor 
of  1.5  reduction  is  permissible  for  at  least  some  of  the  data  seta.  Variations 
in  phase  speed  and  direction  of  the  internal  waves  were  also  investigated, 
the  former  being  changed  by  ±20%  and  the  latter  by  ±15”,  each  producing 
changes  of  approximately  20%  in  the  predicted  results.  Finally,  the  wind- 
speed  was  varied  by  ±25%,  with  factor  of  2  changes  resulting  (due  to  the 
resultant  changes  in  #).  The  effects  of  deviations  in  the  angular  portion  of 
the  spectrum,  i.e.  ‘b’  in  Equation  (7),  have  not  been  examined. 

All  of  these  are  quite  plausible  inaccuracies  in  the  model  parameters 
(or  variations  within  a  given  data  set) ,  and  so  the  rms  ratios  can  be  expected 
to  show  some  significant  deviations  solely  due  to  these  effects.  The  variation 
in  0  with  angle  is  very  poorly  understood.  In  previous  modelling  attempts, 
various  angular  dependencies  have  been  used,  and  the  two  given  here  tend 
to  represent  the  extremes  (i.e.  independent  of  angle,  or  the  same  as  the 
energy  spectrum  angular  dependence).  The  evidence  so  fat  seems  to  be  that 
allowing  an  angular  dependence  similar  to  that  of  the  energy  spectrum 
provides  an  improved  fit  between  l''-otder  Bragg  scattering  theory  and 
measurements.  As  yet,  not  enough  tests  have  been  applied  to  make  this 
a  firm  conclusion,  although  it  docs  support  a  similar  observation  reported 
elsewhere  (Hughes  and  Hughes,  1987). 

The  rms-ratio  values  reported  here  are  all  larger  than  unity.  This 
is  somewhat  different  from  previously  reported  (Hughes  and  Hughes,  1987). 
values  from  this  same  area  (but  taken  under  different  circumstances).  The 
reason  for  this  difference  is  not  understood  as  yet,  although  it  could  be  due 
to  different  current  strengths  for  the  present  data  collection.  It  could  also 
be  due  to  different  amounts  of  interaction  between  the  surface  wave  compo¬ 
nents  of  disparate  length  scales  producing  excessive  modulations  in  the  teal 
field  compared  to  the  predicted  field.  One  data  set  in  the  above  reference 
(JOWIP  12-3)  showed  rms  ratios  larger  than  unity  by  a  significant  amount, 
and  it  also  exhibited  strong  deviations  in  the  surface  wave  spectrum  from 
the  ambient.  Perhaps  the  present  collection  is  exhibiting  the  same  features. 
Specular  scattering  has  also  been  observed  in  other  data  sets  for  the  steeper 
incidence  angles  (Kwoh  e(  a/.,  1988),  and  this,  if  occurring  here,  could  lead 
to  underestimations  in  the  predictions  of  the  scatterometer  modulations 
because  it  is  not  included  in  the  present  model. 

Other  reported  comparisons  between  predicted  and  measured  mod¬ 
ulations  show  the  same  trends  as  the  present  data,  i.e.  underpredictions  in 
the  SAR  modelling  at  X-band  (Caponi  e(  ol.,  1988|  Shucliman  tt  al.,  1988; 
Gasparovic  et  al.,  1988). 


7  Conclusions 


Using  l'*-order  Bragg  scattering  theory  on!y,  forward  (non-linear 
hydrodynamic)  modelling  of  scatterometer  trfces  from  measured  currents 
and  reverse  (linear  hydrodynamic)  modelling  of  currents  from  measured 
scatterometer  data  both  provide  many  predictions  that  correlate  well  with 
the  associated  measurements.  Eight  data  sets  in  C-band  and  eleven  sets  at 
Ku-band  show  correlations  of  at  least  0.70.  The  corresponding  amplitude 
predictions  are  typically  a  factor  of  3-10  in  error  for  C-band,  and  even 
further  in  error  for  /Cu'band  data,  with  the  scatterometer  modulations 
being  consistently  underpredicted,  and  the  currents  overpredicted  Some 
of  the  discrepancy  may  be  due  to  inaccuracies  in  the  measured  parameters 
orto  unsuitabilily  in  the  functional  forms '■hosen  for  a.mhjpnt  wind  wav^ 
spectrum  and  the  relaxation  parameter. 

The  l'**order  Bragg  theory  is  certainly  inadequate  for  C-  and 
/fy-band  modulation  estimates.  It  also  appears  that  more  accurate  mea¬ 
surements  of  the  underlying  parameters  are  necessary  in  order  to  resolve 
the  amount  of  inadequacy.  Inaccuracy  in  the  parameters  can  easily  account 
for  factors  of  3  or  more  in  the  resulting  amplitude  predictions. 

Forward  (non-linear)  modelling  provides  a  better  correspondence 
with  measurements  than  the  reverse  (linear)  modelling. 
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ABSTRACT 

The  vave-current  interaction  model  of  Hughes 
(1978)  is  applied  to  the  case  of  flow  over  bottom 
topography.  The  surface  current  is  prescribed  using 
data  from  four  surface-following  current  meters 
positioned  over  a  bottom  feature  on  Nantucket 
Shoals.  The  ambient  wave  spectrum  is  prescribed 
using  data  collected  by  a  drifting  spar  buoy.  The 
current  profiles  across  the  submerged  sill  exhibits 
minima  in  both  components  of  current.  The 
dominating  wave  growth  mechanism  is  the  refraction 
of  waves  near  the  minimum  in  the  along-isobath 
component  of  flow.  The  spikey  nature  of  the  wave 
modulation  dictates  that  finite  amplitude  together 
with  wave-wave  interaction  terms  should  be  included 
in  the  action  transport  equation. 

KEY  WORDS:  SAR,  BOTTOM  TOPOGRAPHY,  WAVE-CURRENT 
INTERACTION 

EXPERIMENT 

In  September,  1987  we  deployed  a  series  of 
four  current  meters  across  a  major  bottom 
topographic  feature  on  the  Nantucket  Shoals.  An 
east-west  bottom  profile  as  determined  by  a 
shipboard  acoustic  depth-sounder  appears  in  figure 
1.  The  bottom  rises  rapidly  from  20  m  depth  to  7  m 
depth  at  the  top  of  the  sill.  The  slope  is  about  5~ 
at  the  steepest  point.  The  current  meters  measure 
the  surface  current  speed  and  direction  and  are 
described  in  Johnson  (1987).  A  spar  buoy  equipped 
with  an  array  of  capacitance  wires  (Smith  and 
Johnson,  1988)  was  deployed  up-stream  of  the  array 
and  drifted  through  the  array  and  across  the  ridge 
as  pictured  in  figure  2.  At  the  time  of  this 


measurement  the  current  was  ebbing  and  exhibited  a 
strong  along-trough  component  (denoted  by  v)  of  1 
m/s  and  a  weaker  across-sill  component  (denoted  by 
u)  of  20-30  cm/s.  The  entire  across-sill  distance 
under  study  was  400  m.  The  arrows  in  figure  2 
represent  the  speed  and  direction  of  the  surface 
current  at  the  respective  location  and  show  the 
speed  to  decrease  going  from  deep  water  to  shallow 
water.  The  spar  buoy  collected  wave  height  data 
during  its  drift,  and  that  time  series  is  displayed 
in  figure  3  together  with  an  expanded  view  of  the 
bottom  topography.  The  amplitude  of  the  waves 
exhibit  a  sudden  increase  at  the  crest  of  the 
ridge. 

ANALYSIS 

We  assume  that  the  bottom  topography  is  two 
dimensional  and  all  derivatives  with  respect  to  the 
along-trough  direction  (denoted  by  the  y  direction) 
are  assumed  to  be  zero.  We  also  assume  that  outside 
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of  the  region  spanned  by  the  current  meters  the 
current  strain  is  nearly  zero.  This  defines  a  240  m 
"interaction  region"  which  modulates  the  ambient 
wave  field.  In  order  to  interpolate  the  current 
between  the  data  points  we  fit  a  cubic  spline  to 
the  data  and  force  the  derivatives  of  both  u  and  v 
to  be  zero  outside  of  the  interaction  region.  A 
plot  of  the  resulting  u  and  v  profiles  are  shown  at 
the  bottom  of  figure  5.  The  u  component  exhibits  a 
minimum  near  the  crest  of  the  sill  and  the  v 
component  exhibits  a  minimum  near  the  trough  of  the 
sand  wave. 

The  wave  and  current  interaction  theory  of 
Hughes  (1978)  is  applied  to  the  ambient  wave  height 
spectra  as  measured  by  the  spar  buoy  and  the 
current  velocity  contours  as  inferred  from  the 
current  meter  data.  The  relevant  equations  are: 


(1) 

at  tty 

(2) 

^  .  .k  ll!  k  Iv 
3F  '^x  ax  y  ax 
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FIGURE  3 
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FIGURE  A 


Y  is  the  wave  action  spectral  density,  is  the 
equilibrium  spectral  density  evaluated  at  the 
point,  k  is  the  wave  number,  and  u  is  the  radian 
frequency.  The  ray  equations  (equations  1-3)  are 
integrated  backwards  from  observation  points  within 
the  interaction  region  to  determine  the  ray 
trajectories.  Observation  points  are  spaced  S  m 
apart.  The  form  of  these  equations  are  identical  to 
those  used  by  Hughes  (1978)  and  by  Thompson  et  al. 

(1988)  to  describe  the  modulation  by  internal  waves 
dv 

except  that  the  term,  k^  is  added  to  equation.  3 
to  include  the  effect  of  lateral  shear.  It  will  be 
seen  below  that  the  inclusion  of  this  term  makes  an 
important  difference  in  the  results.  Equation  5 
leads  to  an  integral  equation  for  Y  following 
Hughes  (1978).  This  Integral  equation  is  integrated 
forward  into  the  interaction  region  along  the  rays 
to  provide  the  directional  modulation  functions, 
H(e)  at  each  observation  point.  (Y>HYq)  Six  such 
H(e)'s  are  shown  in  figure  4  for  the  case  of  X  >  80 
cm.  The  directional  spectrum,  Y,  at  each 
observation  point  is  then  integrated  in  6,  and  the 
results  for  each  wavelength,  X,  are  plotted  in 
figure  5. 

Figure  5  shows  that  the  wave  energy  is 
amplified  near  the  minimum  in  v  at  all  wavelengths. 
The  principal  effect  of  this  minimum  is  to  refract 
wave  trajectories.  Some  trajectories  enter  the 
interaction  region  and  get  trapped  by  this  minimum 
and  give  a  large  contribution  to  the  energy  due  to 
the  length  of  time  the  wave  spends  in  the 
environment  of  the  shear.  For  60cm<X<90cm  the 
minimum  in  u  produces  an  amplification  of  the  wave 
amplitude,  however  the  effect  is  not  as  great  as  is 


FIGURE  5 
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the  refraction  effect.  The  two  regioesi  refraction 
and  surface  divergence,  transition  in  the 
neighborhood  of  x>  210in.  These  tvo  regimes  are 
labeled  E  and  D,  respectively,  in  figure  3.  Power 
spectra  for  the  respective  regions,  calculated  from 
the  spar  buoy  data,  are  shown  overlayed  in  figure 
6.  The  spectra  are  similar  within  the  95X 
condidence  limits  in  spite  of  the  fact  that  the 
theory  (figure  5)  predicts  that  the  "E"  spectrum 
should  be  dominant  for  X>lm  and  X<S0  cm.  A 
possible  explanation  for  this  disparity  is 
discussed  below. 
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The  effect  of  wind  direction  on  the 
interaction  was  determined  by  changing  the 
directional  form  factor  for  the  ambient  wave 
spectrum.  The  results  for  X«lm  and  for  four  points 
of  the  compass  are  shown  in  figure  7.  Modulation  of 
the  waves  is  significant  for  winds  blowing  from  the 
west  and  north,  however  easterlies  and  southerlies 
produce  very  little  modulation. 

CONCLUSIONS 

Application  of  the  theory  of  Hughes  to  the 
case  of  wave  modulation  by  bottom  topography 
results  in  a  very  spikey  signal  both  in  space  and 
in  direction  as  a  result  of  the  resonance-like 
behavior  of  the  blocking  phenomenon.  The  predicted 
amplitudes  are  so  much  greater  than  the  ambient 
spectral  levels  that  the  small  perturbation 
assumption  inherent  in  the  form  of  equation  4  are 
likely  violated.  The  incorporation  of  a  wave-wave 
interaction  term  would  redistribute  the  wave  energy 
both  directionally  and  spectrally.  The  similarity 
of  the  two  spectra  of  figure  6  suggests  that  such  a 
redistribution  has  occurred. 

The  specification  of  the  surface  current 
profile  is  marginal  using  the  four  current 
measurements  as  described  here  if  the  current  does 
exhibit  minima  as  we  have  asserted.  In  the  future, 
more  moorings  spaced  at  closer  intervals  should  be 
employed. 

Wave  refraction  appears  to  be  dominant, 
according  to  the  model,  due  to  the  strong  lateral 
.shear  in  the  along-trough  component  of  flow.  . 
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SAR  imagery  was  collected  in  Conception  Bay,  Nenfoundland  for  the  purpose  of 
examining  the  tidal  and  wind-driven  surface  and  thermal  features  in  order  to 
enhance  a  study  of  the  oceanographic  influences  on  the  distribution  and 
Rttvement  of  Northern  Cod  (Cadus  caribaa)  in  the  bay. 

Two  sets  of  SAR  overflights  wore  conducted  by  the  Canadian  Centre  for  Remote 
Sensing.  The  first,  on  September  4,  1988,  coincided  with  the  maxinun 
currents  of  a  flood  tide  and  high  northwesterly  winds.  The  second,  on 
September  5,  1988,  coincided  with  the  maximum  currents  of  an  ebb  tldo  and 
moderate  southeasterly  winds.  The  X  and  C-band  SAR  imagery  revealed  very 
dlffernnt  surface  structures  on  e'ach  day.  On  September  4,  the  effects  of 
the  high  wind  dominated  that  of  the  flood  tide.  Tlw!  turbulence  created  by 
the  wind  on  the  lee  side  of  the  islands  was  very  apparent.,  as  were  several 
surface  wind-mixing  fronts.  The  surface  structures  shown  \n  the  SAR  data  on 
September  5  were  due  to  the  effects  of  the  ebb  tide,  which  were  sufficient 
to  dominate  tho  effects  of  the  moderato  wind.  The  circulation  and  thernal 
patterns  included  signatures  of  coastal  upwelling  events,  closed  eddies, 
hammerltead  circulation  features  and  tidal  jets. 

An  extensive  ground-truth  data  collection  program  was  carried  out  coincident 
with  the  SAR  overflights.  These  data  include!  Eulerian  current  profiles, 
tagt.-ingian  surface  currents  and  surface  temperatures  obtained  with  on 
acoustic  doppler  current  profiler  and  drogues  in  a  sub-area  of  the  bay; 
Eulerian  currents  at  three  depths,  temperature  profiles  and  tidal  heighta  at 
each  of  two  moorings  at  either  end  of  the  bay;  surface  wind  speed  and 
direction  from  a  meteorological  station  established  on  an  island  in  tho  bay) 
and  several  surface  signatures  of  local  ferries  as  they  crossed  a  tidal 
jet. 

This  paper  will  present  the  SAR  imagery  and  discuss  the  observed  surface 
features  in  light  of  the  ground-truth  data.  The  results  will  be  further 
discussed  with  respect  to  tho  study  relating  tho  local  oceanographic 
phenomena  to  the  distribution  and  movements  of  Inshore  cod. 
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^Physics  Department,  Memorial  University  of  Newfoundland,  St.  John's,  NF, 
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ABSTRACT 

Mid-win'er,  airborne,  X-band  SAR  image  characteristics  of  the 
pack  ice,  multiyear  landfast  sea  ice  (MLSI)  and  ice  shelves  of 
northern  Ellesmere  Island,  and  the  near-real-time  detection  of  a 
massive  calving  from  the  Milne  Ice  Shelf,  N.W.T.,  Canada  arc 
described.  Also,  the  utility  of  SAR  for  the  detection  and 
characterization  of  ke  islands  (tabular  icebergs)  in  the  Arctic  Ocean  is 
demonstrated.  A  distinctive  SAR  characteristic  of  the  ice  shelves,  ice 
islands  and  the  MLSI  is  the  ribbed  texture  resulting  from  their 
undulating  surfaces.  The  SAR  detects  the  ice  shelf  and  ice  island 
undulations  regardless  of  their  orientation  relative  to  the  illumination 
direction,  but  the  smaller-scale  MLSI  undulations  show  only  when 
they  are  oriented  normal  to  the  illumination  direction.  Strong  returns 
from  the  inner  parts  of  the  northern  Ellesmere  Island  fiords  are 
believed  to  be  fiom  multiyear  lake  ice  and  further  evidence  of 
year-round,  freshwater-seawater  stratification  related  to  inverted 
dams  of  floating  ice  shelves  and  MLSI. 

Key  words:  Airborne  SAR;  landfast  sea  ice;  ice  shelves;  ice  islands. 

INTRODUCTION 

_  In  February  1988  extensive  airborne  SAR  data  was  obtained  of 
the  inter-island  channels  and  the  Arctic  Ocean  margin  of  the 
Canadian  Arctic  Archipelago,  for  the  Canadian  Arctic  Marine  Ice 
Atlas.  The  data  includes  the  first  non-proprietary  SAR  imagery  of  the 
fast  ice  fringe  off  the  nonh  coast  of  Ellesmere  Island,  and  of  the  ice 
islands  (tabular  icebergs)  that  calved  in  1982-83  from  the  Ward  Hunt 
Ice  Shelf  (Fig.  1).  With  the  possible  exception  of  thick,  old  sea  ice  in 
the  fiords  of  northern  Greenland,  the  fast  ice  fringe  of  northern 
Ellesmere  Island  is  unique  because  it  includes  the  most  prominent 
known  ice  shelves  (40-l(X)  m  thick)  and  the  most  extensive  areas  of 
multiyear  landfast  sea  ice  (MLSI:  3-10  m  thick  and  2-25  years  old)  in 
the  Arctic  (cf.  Jeffries,  1987). 

In  addition  to  their  uniqueness,  the  ice  shelves  and  the  MLSI 
are  significant  because  they  are  the  source  of  tabular  icebergs  in  the 
Arctic  Ocean  (commonly  called  ice  islands),  and  thick  sea  ice  floes 
(TSIFs),  which  periodically  calve  from  the  ice  shelves  and  MLSI 
respectively.  Ice  islands  and  TSIFs  are  the  largest  ice  features  in  the 
Arctic  Ocean,  and  once  they  have  calved  they  can  drift  around  the 
ocean,  often  for  decades,  embedded  in  the  pack  ice.  Their  drift  takes 
them  into  the  coastal  waters  of  the  Beaufort  and  Chukchi  Seas,  and 
occasionally  into  the  inter-island  channels  of  the  Canadian  Arctic 
Archipelago,  where  they  are  a  hazard  to  offshore  petroleum 
development  and  shipping. 

The  object  of  this  paper  is  to  describe  and  expiain  some  of  the 
SAR  characteristics  of  the  ice  shelves  and  the  MLSI,  and  to 
demonsmate  the  utility  of  SAR  for  the  detection  of  ice  calvings  and 
ice  islands. 

IMAGE  ACQUISITION  AND  FIELD  SURVEY 

The  1:300,(X)0  scale  SAR  data  was  obtained  from  an  altitude 
of  9,450  m  using  the  STAR-2  airborne  SAR  (X-band,  HH 
polarization)  operated  by  Intera  Technoiogies  Ltd.  On  19  February 
1988  a  group  of  ice  islands  was  imaged  at  approximately  79.98*  N, 


Figure  1.  Map  of  the  Queen  Elizabeth  Islands,  Canadian  High 
Arctic,  showing  the  location  of  the  Milne  and,  Ward  Hunt  Ice 
Shelves  on  the  north  coast  of  Ellesmere  Island,  and  the  ice  islands 
imaged  by  SAR  in  February,  1988,  NNW  of  Ellef  Ringnes  Island. 


106.64"  W,  about  80  km  NNW  of  Ellef  Ringnes  Island  (Fig.  1).  On 
22  February  the  fast  ice  and  pack  ice  along  the  north  coast  of 
Ellesmere  Island  (Fig.  1)  was  imaged. 

The  interpretation  of  the  SAR  imagery  is  supplemented  by 
observations  and  measurements  made  each  spring  from  1982-86  on 
northern  Ellesmere  Island,  and  in  fall  1985  and  spring  1986-87  at  the 
ice  islands  noted  above.  Fieldwork  included  observations  of  ice 
types  and  morphology,  and  analysis  of  ice  physical-structural 
properties. 

REGIONAL  ICE  CONDITIONS,  FEBRUARY  1988 

A  representative  section  of  the  SAR  data  is  reproduced  to 
illustrate  the  regional  pack  and  fast  ice  conditions  at  the  time  of  the 
SAR  data  acquisition  (Fig.  2).  The  grey  tones  of  the  pack  ice  returns 
are  quite  variable,  from  extremely  bright  to  very  dark  (Figure  2). 
There  are  many  rounded  multiyear  floes  with  relatively  weak  returns 
or  mid-grey  tones  and  they  are  generally  tightly  packed  with  10/10 
concentration.  The  bright  tones  represent  strong  returns  from  ice 
rubble  in  pressure  ridges  around  the  floes,  and  their  abundance  is 


Figure  2.  Annotated  S  AR  image  of  the  Arctic  Ocean  pack  icc  and  fast  ice  along  the  north  coast  of  Ellesmere 
Island.  1;  Milne  Ice  Shelf  (see  also  Fig.  3);  2:  Ayles  Ice  Shelf;  3:  Ward  Hunt  Ice  Shelf;  3a;  East  Ward  Hunt 
Ice  Shelf  (the  source  of  the  ice  islands  in  Fig.  4);  YB;  Yelverton  Bay;  MF:  Milne  Fiord;  AF:  Ayles  Fiord; 
MI;  M'Clintock  Inlet.  The  distance  along  the  bottom  edge  of  the  image  is  170  km.  The  radar  illumination 
direction  is  from  the  top  to  the  bottom  edge. 


evidence  of  the  intense,  wide-scale  ice  ridging  that  occurs  in  this 
region  due  to  the  almost  continuous  ice  motion  towards  the  coast. 
There  are,  however,  numerous,  extensive  refrozen  leads  and 
polynyas,  with  very  dark  tones  (weak  returns),  which  suggest  a 
recent,  major  reversal  of  the  normal  ice  motion.  The  presence  of  ice 
on  the  leads  and  polynyas  is  indicated  by  the  numerous  narrow, 
strong  returns  running  through  the  dark  tones,  particularly  in  the 
large  polynya  in  the  centre  of  the  image  (Fig.  2).  The  strong  returns 
are  probably  backscatter  from  small  ice  deformation  features. 

The  fast  ice  includes  the  Milne,  Ayles  and  Ward  Hunt  Ice 
Shelves,  plus  MLSI,  notably  in  Yelverton  Bay,  Ayles  Fiord,  and 
M'Clintock  Inlet  (Fig.2).  The  MLSI  has  a  fairly  dark  tone  because  it 
is  relatively  saline  and,  therefore,  a  high-loss  material;  however,  the 
MLSI  also  includes  strong  returns  from  pressure  ridges 
(e.g.  Yelverton  Bay)  and  from  embedded  icebergs  (e.g.  Ayles 
Fiord).  The  ice  shelf  returns  ate  generally  stronger  than  the  MLSI 
returns  and,  even  at  this  scale,  a  distinctive  ribbed  texture  is  visible. 
At  the  surface  most  of  the  shelf  ice  is  a  type  of  freshwater  ice,  with  a 
negligible  salinity  and,  therefore,  a  lower-loss  material  than  the 
MLSI.  In  the  innermost  parts  of  the  fiords,  at  the  far  range  of  the 
SAR,  there  are  some  especially  bright,  textureless  returns, 
particularly  in  Milne  Fiord,  Ayles  Fiord  and  M'Clintock  Inlet 
(Fig.  2). 

DETECTION  OF  AN  ICE  CALVING  AT  MILNE  ICE  SHELF 

The  Milne  Ice  Shelf  (Fig.  3)  is  the  second  largest  icc  shelf 
(area  290  km* )  remaining  in  this  region.  In  the  mid-1960s  an  ice 
island  broke  off  the  north-west  front  of  the  icc  shelf  and  was 
subsequently  replaced  by  the  growth  of  MLSI  in  an  area  known  as 
the  Milne  Re-entrant  (Jeffries,  1986a;  Jeffries  ct  al.,  1987).  In 
addition  to  the  re-entfant  there  was  already  a  nanow  zone  of  MLSI 
along  the  north-east  front  of  the  ice  shelf  and,  together,  they  formed 
a  continuous  fringe  of  MLSI  (Jeffries  et  al.,  1987;  Fig  2b).  In  the 
SAR  image  the  MLSI  is  the  relatively  dark-toned  border  with  a 
ribbed  texture,  but  clearly  it  is  no  longer  continuous  (Fig.  3).  The 
nonh-east  fringe  remains  attacked  to  the  ice  shelf,  but  it  is  now 
separated  from  the  re-entrant  by  a  roughly  S-shaped,  dark-toned 
feature.  This,  in  turn,  separates  the  re-entrant  from  the  ice  shelf.  The 
SAR  image  shows  that  the  Milne  Re-ennam  has  been  detached  from 
the  Milne  Ice  Shelf  and  displaced  about  1.7  km  to  the  south-west. 
The  new  TSIF  has  dimensions  of  3.6  x  7.2  km. 

The  S-shaped  feature  is  a  recently  refrozen  lead.  The  evidence 
for  this  is  the  narrow,  castellated,  strong  return  running  through  the 
dark  tone.  The  castcliations  strongly  resemble  finger-rafting  which 
occurs  in  young  sea  ice  up  to  0.3  m  thick  The  strong  return 
probably  is  due  to  backscatter  from  the  margins  of  the  elevated  icc 


Figure  3.  Annotated  SAR  image  of  the  Milne  Ice  Shelf.  MR;  Milne 
Re-entrant;  1;  Inner  unit;  C;  Central  unit,  0;  Outer  unit.  Arrows 
indicate  strong  returns  from  linear  moraines.  The  distance  along  the 
bottom  edge  is  20  km.  Tlie  radar  illumination  direction  is  from  the 
top  to  the  bottom  edge. 
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thrusts  or  fingers  at  the  surface  of  the  young  ice.  The  finger  rafting 
and  the  inferred  ice  thickness  are  also  evidence  that  the  calving 
occurred  only  a  short  time  before  the  SAR  flight.  It  has  already  been 
noted  that  the  pack  ice  in  this  region  is  almost  always  moving 
towards  the  north  coast  of  Ellesmere  Island,  particularly  in  mid¬ 
winter,  and  that  the  leads  and  polynyas  (Fig.  2)  are  evidence  of  a 
major  reversal  of  ice  motion.  Reversals  of  this  kind  ate  due  to 
intervals  of  persistent  offshore  geostrophic  winds,  which  can  cause 
not  only  extensive  leads  in  the  pack  ice,  but  which  may  also 
contribute  to  calvings  from  the  fast  ice  (AhlnSs  and  Sackinger, 
1988).  A  search  through  the  February  1988,  High  Arctic  weather 
maps  revealed  a  four  day  period  of  offshore  winds  of  up  to 
10  m  s*'  between  12  and  15  February,  i.e.  only  7-10  days  before  the 
SAR  overflight  (Jeffries  and  Sackinger,  unpublished  MS[al).  Thus, 
the  calving  of  the  Milne  Re-entrant  was  fortuitously  detected  in  near- 
real-time. 

MILNE  ICE  SHELF  SAR  CHARACTERISTICS 

On  the  basis  of  ground  observations  and  air  photographic 
records  of  surface  topographic  variations,  the  ice  shelf  has  been 
divided  into  three  units;  an  inner,  a  central  and  an  outer  unit  (Jeffries, 
1986b).  The  inner  unit  in  the  SAR  image  is  the  bright  area  at  the  base 
of  Fig.  3.  Above  this  ate  the  central  and  outer  units,  with  the  ribbed 
texture  mentioned  in  the  context  of  Fig.  2.  As  noted  in  the  previous 
section  the  MLSI  also  has  a  ribbed  texture,  which  is  only  visible  at 
the  larger  scale  (Fig.  3). 

The  ribbed  texture  is  related  to  the  undulating  topography  of 
linear  hummocks  and  depressions  (commonly  called  "rolls")  which 
are  characteristic  features  of  the  ice  shelves  and  the  MLSI.  On  the 
central  and  outer  units  of  the  Milne  Ice  Shelf  the  depressions  are  as 
much  as  7.5  m  deep  and  the  crest-to-crest  spacing  of  the  hummocks 
varies  betweer  135  m  and  450  m  (Jeffries,  1986bX  On  the  MLSI  the 
distance  between  the  hummocks  is  shorter  (60-100  m)  and  the 
depressions  ate  shallower  (max.  Im)  than  on  the  ice  shelf.  The 
morphological  variations  are  clearly  visible  in  the  SAR  image  (Fig. 
3).  Both  the  ice  shelf  and  the  MLSI  undulations  are  oriented  normal 
to  the  radar  illuminarion  diiecdon. 

Cutting  across  the  general  trend  of  the  rolls  on  the  outer  unit 
are  two  features  that  form  an  inverted  T-shape  (Fig.  3).  These,  too, 
are  depressions,  and  believed  to  be  the  traces  of  former,  deep 
fractures  that  have  since  rehealed  (Jeffries,  1986bi  Jeffries  et  a!., 

1987) .  Although  the  undulations  on  the  outer  unit  ate  not  completely 
straight  in  places,  they  are  essentially  linear  features.  In  contrast,  the 
rolls  on  the  central  unit  have  a  more  pronounced  curvi-linear 
appearance  (Fig.  3).  This  is  believed  to  be  derived  from  the  flow 
pattern  of  the  glaciers  which,  although  they  are  presently  quiescent, 
once  actively  fed  the  central  unit  of  this  ice  shelf  (Jeffries,  1986b; 

1988) .  Many  moraines  remain  on  the  surface  of  the  central  unit  as 
additional  evidence  of  former  glacier  activity  (Jeffries,  1986b)  and 
some  of  these,  too,  are  evident  as  bright  returns  in  the  SAR  image 
(Fig.  3). 

The  inner  unit  also  has  an  undulating  topography,  with 
depressions  of  up  to  1  m  depth  and  a  wavelength  of  60-100  m 
(Jeffries,  1986b).  However,  they  are  not  visible  in  the  SAR  image 
and,  instead,  as  noted  in  a  previous  section,  there  is  a  uniformly 
bright  tone. 

'!  ^ 

ICE  ISLAND  SAR  CHARACTERISTICS 

Unless  there  has  been  another  calvihg  since  February  1988, 
the  loss  of  the  Milne  Re-entrant  is  the  largest  calving  to  have 
occurred  since  1982-83,  when  a  number  of  ice  islands  broke  off  the 
East  Ward  Hunt  Ice  Shelf  (Jeffries  and  Serson,  1983).  These  ice 
islands  are  shown  in  Fig.  4.  There  are  twelve  ice  islands  in  the  SAR 
image  and  their  dimo.nsions  range  from  0.15  x  0.25  ktn  to 
5.7  X  8.7  km.  The  latter  is  Hobson's  Choice  (#1:  Fig.  4),  the  largest 
known  ice  island  in  the  Arctic  Ocean  today.  Some  general  ice  island 
characteristics  are  (Jeffries  and  Sackinger,  unpublished  MSIb]):  1) 
not  unexpectedly,  they  have  a  ribbed  texture;  2)  they  tend  to  be  long 
and  thin,  more  angular  and  sometimes  Ir  rger  than  the  surrounding 
sea  ice  floes;  3)  the  edges  are  often  bright  and  well  defined. 

A  number  of  the  ice  islands  in  Fig.  4  comprise  shelf  ice  only, 
with  the  distinctive  ribbed  texture.  However,  as  Fig.  3  shows,  MLSI 
can  become  attached  to  the  fronts  of  ice  shelves  and,  consequently, 
when  ice  islands  calve,  they  can  have  shelf  ice  and  MLSI 


Figure  4.  Annotated  SAR  image  of  ice  islands  embedded  in  pack 
ice  Number  1  (Hobson's  Choice)  and  Number  2'are  the  largest  ice 
islands  presently  known  in  the  Arctic  Ocean;  Number  3  undoubtedly 
calved  in  1982-83  from  the  East  ward  Hunt  Ice  Shelf,  but  has  not 
previously  been  observed;  the  square  brackets  enclose  a  cluster  of 
six  ice  islands,  and  three  individual  ice  islands  are  enclosed  by 
boxes  The  radar  illurmnation  direction  is  from  the  top  to  the  bottom 
edge. 


components.  This  includes  ice  islands  1,  2  &  3  (Fig.4),. but  there 
also  can  be  a  third  component.  The  shelf  ice  component  of  Hobson's 
Choice  is  easily  identified  by  its  ribbed  texture,  but  it,  in  turn,  is 
flanked  by  two  roughly  triangular  areas  of  dark,  almost  textureless 
tone.  The  dark  component  on  the  right  side  of  the  shelf  ice  is  the 
MLSI  that  was  attached  to  the  front  of  the  East  Ward  Hunt  Ice  Shelf 
at  the  time  of  the  calving  and  which  has  remained  attached  since 
then.  Along  the  outer  edge  of  the  MLSI  is  a  narrow  strip  of 
consolidated  multiyear  pack  ice  (MYPI)  that  has  become  attached 
only  since  the  calving.  A  far  greater  amount  of  MYPI  is  attached  to 
the  left  side  of  the  shelf  ice.  TTie  MLSI  and  the  MYPI  are  considered 
to  be  integral  parts  of  the  ice  island  and,  with  the  addition  of  MYPI, 
the  area  of  Hobson's  Choice  has  increased  by  30%  to  34  km* and  the 
mass  by  6%  to  7.4  x  lO"  kg  (Jeffries  and  Sackinger,  unpublished 
MS  (b)). 

There  are  sometimes  vertical  ice  cliffs  at  the  edges  of  ice 
islands,  but  these  are  often  over-ridden  by  ridges  of  ice  rubble 
exceeding  the  height  of  the  ice  island  surface.  In  either  case,  there 
will  be  strong  returns  from  the  flat,  angular  facets,  and  the  margins 
of  ice  islands  will  be  well-defined  in  a  SAR  image.  Where 
depressions  intersect  the  edges  of  the  ice  islands  there  are  often  deep 
incisions  due  to  the  catastrophic  drainage  of  the  lakes  in  summer 
(M.  Schmidt,  personal  communication). 


DISCUSSION  OF  SAR  RETURNS 
Topography  and  radar  illimination  direction 

Tlic  potential  of  SAR  for  the  detection  of  ice  islands  was  first 
demonstrated  by  SEASAT,  which  imaged  ice  island  T-3  in  1978  in 
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the  eastern  Beaufort  Sea  (Fu  and  Holt,  1982;  pp.  126-127).  One  of 
the  notable  features  of  the  T-3  SAR  return  was  a  ribbed  texture 
similar  to  that  described  in  this  paper.  The  ribbed  texture  of  the  SAR 
returns  from  the  ice  shelves  and  the  shelf  ice  component  of  ice 
islands  has  two  different  forms.  On  the  Milne  Ice  Shelf,  and  others 
(Fig  2),  and  on  those  ice  islands  oriented  approximately 
perpendicular  to  the  illumination  direction  (e.g.  #  3,  Fig.  4;  also  T-3 
in  Fu  and  Holt,  1982),  the  ribbed  texture  has  a  distinctive  and 
relatively  bright  appearance  of  light  grey  and  mid-grey  tones.  This 
can  be  attributed  to  the  variation  of  reflectivity  with  the  incidence 
angle,  since  there  will  be  high  backscatter  from  the  relatively  steep 
hummock  slopes  directly  facing  the  radar,  and  reduced  backscatter 
due  to  low  grazing  angles  of  the  slopes  facing  away  from  the  radar. 
Some  of  the  latter  slopes  also  might  be  in  radar  shadow,  which, 
together  with  possible  specular  reflection  off  flat  lake  ice  surfaces  in 
the  depressions,  will  cause  a  weak  return. 

On  those  ice  islands  oriented  nearly  parallel  with  the 
illumination  direction  the  ribbed  texmre  has  a  more  subdued 
appearance  and  the  shelf  ice  has  a  basic  mid-grey  tone,  with 
lineaments  defined  by  discontinuous  narrow  light  and  dark  grey 
tones  (e.g.  #  1  and  #2:  Fig.  4)).  In  this  case  the  incidence  angle 
varies  much  less  and,  consequently,  the  radar  returns  are  less 
variable.  Also  at  this  orientation,  specular  reflection  from  the  flat  lake 
ice  surfaces  in  some  depressions  should  result  in  weak  returns. 
However,  where  lakes  have  drained  off  the  edge,  leaving  an 
irregular  topography,  there  will  be  discontinuous  weak  and  strong 
returns,  thus  offering  the  possibility  of  distinguishing  drained  lakes 
from  undrained  lakes. 

The  variation  of  reflectivity  with  the  incidence  angle  on  the 
undulating  surfaces  applies  also  to  the  MLSl.  It  is  recalled  that  the 
MLSI  at  the  front  of  the  Milne  Ice  Shelf,  oriented  normal  to  the 
illumination  direction,  has  a  ribbed  return  (Fig.  3).  This  is  not  the 
case  with  the  MLSI  attached  to  Hobson's  Choice  and  Ice  Island  #2, 
both  of  which  are  oriented  almost  parallel  to  the  illumination 
direction.  Thus,  although  the  ice  island/ice  shelf  undulations  are 
detected  regardless  of  incidence  angle  and  illumination  direction, 
probably  because  of  their  relatively  high  relief,  the  SAR  is  a  less 
sensitive  indicator  with  regard  to  the  MLSI  undulations,  probably 
because  of  their  relatively  low  relief  and  their  higher  salinity. 

SAR  evidence  of  under-ice  freshwater-seawater  stratification 

The  inner  unit  of  Milne  Ice  Shelf  and  the  innermost  parts  of 
other  fiords  have  bright,  textureless  returns  (Figs.  2  and  3). 
Airborne  radio-echo  sounding  in  1980  revealed  that  the  inner  unit  of 
the  Milne  Ice  Shelf  is  less  than  10  m  thick  (Narod  et  al.,  in  press). 
Subsequent  ice  coring  has  shown  it  to  be  as  little  as  3  m  thick, 
underlain  by  freshwater  in  late-winter  before  the  ablation  season,  and 
composed  of  multiyear  lake  ice  with  many  tubular  bubbles  and  a 
candled  surface  (Jeffries,  1986b;  1988;  unpublished  data). 
Weeks  et  al.  (1978)  have  discussed  lake  ice  SAR  returns  in  some 
detail.  In  the  case  of  the  inner  ice  shelf  unit,  the  bright  tone  is  most 
likely  due  to  some  combination  of  scattering  from  the  rough, 
candled,  upper  surface  and  the  bubbles,  and  a  strong  return  resulting 
from  the  dielectric  constant  change  at  the  bottom  ice-water  interface. 

It  is  believed  that  the  central  and  outer  units  of  the  Milne  Ice 
Shelf  act  together  as  a  floating,  inverted  dam  causing  ye.tr-round, 
freshwater  retention  and  freshwater-seawater  stratification  below  the 
inner  unit  (Jeffries,  1988).  Hence,  the  freshwater  is  found  below  the 
inner  unit  ice  cover  and  provides  water  for  the  growth  of  multiyear 
lake  ice.  Fiord  stratification  is  found  at  other  locations  along  this 
coast;  for  example,  behind  the  Ward  Hunt  Ice  Shelf,  Disraeli  Fiord 
also  has  a  3  m  thick  multiyear  lake  ice  cover  (Keys,  1978).  Although 
stratification  has  not  been  found  by  direct  oceanographic  studies  in 
the  innennost  parts  of  Ayles  Fiord  and  M'Clintock  Inlet,  the  strong 
returns  from  these  areas  (Fig  3)  are  believed  also  to  be  evidence  of 
lake  ice  growth  associated  with  year-round  freshwater-seawater 
stratification.  It  is  interesting  to  note  that  the  bright  return  from  the 
ice  in  M'Clintock  Inlet  reaches  further  up  the  east  side  of  the  inlet 
than  it  does  up  the  west  side  (Fig.  2).  It  may  be  speculated  that  this 
is  evidence  of  the  Coriolis  force  which  would  tend  to  move 
outflowing  freshwater  over  to  the  right  or  the  east  side  of  the  inlet 


CONCLUSION 

Arctic  ice  shelves,  MLSI  and  ice  islands  are  interesting  targets 
for  SAR,  and  it,  in  turn,  is  a  valuable  instrument  for  studies  of  these 
unusual  and  important  ice  features.  The  ice  shelf/ice  island 
undulations  are  perhaps  the  most  characteristic  feature  of  the  SAR 
images  and  the  SAR  will  depict  them  regardless  of  their  orientation 
relative  to  the  radar.  On  the  other  hand,  SAR  appears  to  be  able  to 
depict  the  MLSI  undulations  only  when  they  are  oriented  normal  to 
the  illumination  direction.  However,  this  was  not  an  impediment  to 
the  near-real-time  detection  in  February  1988  of  the  calving  of  a 
massive  piece  of  MLSI  from  the  front  of  the  Milne  Ice  Shelf.  This 
event  indicates  that  SAR  is  ideal  for  regular,  periodic  monitoring  of 
the  ice  shelves  and  the  MLSI,  both  for  the  detection  of  ice  losses  and 
for  the  assessment  of  ice  regrowth.  The  SAR  data  has  shown  that  ice 
islands  can  significantly  increase  their  area  and  mass  as  they  drift,  a 
phenomenon  of  interest  to  those  involved  in  arctic  navigation  and 
offshore  petroleum  development.  Finally,  SAR  data  of  this  High 
Arctic  region  apparently  contains  indirect  evidence  of  the  effects  of 
the  thick  ice  of  the  outer  fiords  on  the  oceanography  and  ice  cover  of 
the  inner  fiords. 
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ABSTRACT 

Anedysis  of  SAR  data  collected  of  the  Greenland  ice 
sheet  in  sunmer  and  winter  suggest  the  potential  use 
of  SAR  to  monitor  the  tenporal  hydrology  of  ice 
sheets.  Ocrparison  of  each  SAR  data  set  with  sumner 
TM  imagery  shew  an  areal  positive  correlation  with 
sunnier  SAR  data  and  a  negative  oorrelation  with  winter 
SAR  data.  We  hypothesize  that  the  sunnier  SAR  data  are 
most  sensitive  to  the  variable  concentrations  of  free 
water  in  the  surface  snew  vhile  the  winter  SAR  data 
indicate  vzuriations  in  snow  grain  size. 

INIRODUCnCW 

The  remoteness  and  harshness  of  the  polar  regions 
make  remote  sensing  particularly  useful  as  a  technique 
for  conducting  scientific  Investigaticjns  in  polar 
areas.  For  studies  of  icse  sheets,  they  eue  so  large 
that  suitable  sensors  must  be  mounted  on  space 
platforms  to  enable  ccnplete  continental  and  synoptic 
coverage.  The  application  of  ^oe-bome  remote 
sensing  data  of  ice  sheets  is  still  in  its  infancy  but 
Inve^l^tions  using  landsat  imagery,  radeir  altimetry, 
and  passive  micrewave  brightness  taiperatures  have  all 
shewn  exciting  potential.  This  paper  focuses  on 
einother  instnmient,  the  synthetic  aperture  radcir  (SAR)' 
and  demonstrates  hew  the  sensitivity  of  SAR  to 
sncwpack  wetness  and  grain  size  could  prove  valuable 
in  the  monitoring  of  the  ice  sheet  hydrology. 

ICE  SHEET  HVCRDIJDGy 

Ice  sheets  exist  because  over  an  extended  period  of 
time  snew  accumulation  exceeded  loss.  The  balance  of 
mass  gain  versus  mass  loss  determines  whether  the 
volume  of  an  ice  sheet  is  incxeaslrg  or  decreasing. 
Because  changes  in  ice  volume  directly  translate  into 
changes  in  sea  level,  it  is  inportant  to  understand 
the  effecd:  of  climate  on  the  mass  balance  of  ice 
sheets. 

With  the  exo^ion  of  the  majority  of  the  Antcuctic 
ice  sheet,  ice  sheets  experience  substcintial  melt  of 
surface  snew  during  sumner.  As  this  snew  is  melted, 
the  water  produced  either  flows  alexjg  the  local 
surface  gradient,  percolates  belcw  the  surface,  or  a 
cenbination  of  these  two.  The  exmponent  of  water  that 
percolates  will  refreeze  if  the  surrounding  snew  is  at 
a  sub-freezing  tenperature.  The  refrozen  water 
usuedly  forms  a  broad,  thin,  horizontal  ice  lens  or  a 
narrow,  vertical  ice  column.  The  latent  heat  released 
by  the  freezing  will  weuan  the  surrounding  snow  until 
its  tenperature  reaches  the  freezing  point.  Any 


additional  percolating  meltwater  will  pass  through  to 
dewier  layers.  A  ocnplete  description  of  the  effects 
of  surface  melt  on  snow  stratigraphy  is  found  in 
Benson  (1962) . 

As  fresh  snow  ages,  it  recrystctllizes  into  leuger, 
more  rounded  grains.  Buried  by  subsequent  sncwfctll, 
this  metamor^rism  of  the  snow  eventually  forms 
inccnpressible  glacier  ice.  The  presence  of  free 
water  is  known  to  greatly  accelerate  this  process 
(Male,  1980) .  Thus,  larger-grained  snew  is  a 
signature  of  wetter  conditions,  even  vhen  the 
catalystic  water  has  been  removed  by  refreezing  or  by 
water  flew. 

SIWSniVITY  OF  SAR 

SAR  imagery  represents  the  backscatter  pxwer  of  a 
transmitted  reKdar  beam  as  a  functlexi  of  position.  The 
backscatter  is  a  ccmbinatlon  of  geanetric  (or  surface) 
scattering  and  volumetric  (or  sub-surface) 
scattering.  At  the  oblique  antenna  angles  used  for 
SAR,  volumetric  scattering  usually  is  the  larger  of 
the  two  (Ulaby  and  others,  1981) .  This  is 
particularly  true  over  most  of  the  ice  sheets  where 
surface  slopies  are  0.01  or  less.  While  previous 
examination  of  SAR  imagery  has  shown  that'  it  can 
detect  many  of  the  same  surface  features  seen  on  more 
familiar  landsat  visible  imagery  (Hall  and 
Ormsby,1983;  Bindschadler  and  others,  1987),  this 
approach  ignores  seme  of  the  greater  sensitivities  of 
SAR.  TWo  of  the  more  deminant  effects  which  we 
address  here  are  absorption  by  free  water  and  volume 
scattering  by  snow  p>artlcles. 

Energy  in  the  micrewave  region  is  strongly 
attenuated  by  free  water.  Ulaby  and  others  (1981) 
shewed  that  for  snew  the  attenuation  is  very  leuge  for 
even  a  small  volume  fraction  of  free  water.  Thus,  wet 
areas  should  appear  darker  than  dry  eureas  in  SAR 
imagery. 

Because  the  size  of  snew  grains  is  much  less  than 
micrewave  wavelengths,  the  scattering  follows  tlie 
Rayleigh  criterion: 


64  5  r  ‘ 


A  ^  (1) 

where  <r  is  the  backscatter  crossection,  r  is  the 
p^icle  radius,  and  \  is  the  wavelength  (Ulaby  and 
ethers,  1981,  Eqn.  5.80).  The  hich  pow^  of  the 
particle  size  term  indicates  that  the  backscatter 
intensity  will  be  sensitive  to  small  variations  in  the 
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gr^dn  size.  Rajlons  of  sll^tly  larger  grains  will 
i^ipear  Buch  brighter  than  the  surrounling  regions. 

Finally,  the  penetration  of  the  raiieir  into  the 
sub-»n1faoe  could  permit  the  detection  of  Ice 
lenses.  Being  rather  snooth  and  flat,  Ice  lenses  will 
tend  to  act  as  ^leculeu:  reflectors,  iheir  size  Is 
generally  less  than  the  pixel  resolutlm  of  current 
SARs  so  areas  populated  by  loe  lenses  should  ef)pear 
slightly  darter  than  areas  without  loe  lenses. 

Given  these  characteristics  of  SAR,  It  Is  easy  to 
see  that  SAR  could  be  useful  for  detecting  and 
monitoring  the  hydrology  of  the  loe  sheets.  Changes 
In  their  hydrology  in&cate  changes  in  their  mass 
budget,  and  are  im^rtant  as  th^  relate  to  sea  level 
change.  In  the  sections  that  follw,  we  give  two 
exanples  vAilch  Illustrate  the  sensltlvll^  of  SAR  to 
snow  grain  size  and  sncw  wetness. 

SAR  ACQUIRED  IN  WINTER 

As  a  first  exanple,  we  use  SAR  data  collected  of 
the  Greenland  ice  sheet  in  ^ril  1987  by  the  Intera 
Oorporation  STAR-1  system  (X-band,  3.3  cm 
wavelength) .  For  the  purposes  of  our  analysis,  these 
data  required  numerous  enhanoemoits  and 
oo-registratioi  with  a  landsat  Thematic  Mapper  (TM) 
scene  (Vomberger  and  Bindschadler,  submitted) .  The 
TM  scene  (id#  51236-14083)  was  acquired  on  July  20, 
1987.  Figure  1  shews  identical  areas  of  both  SAR  and 


Figure  l.  SAR  (top)  and  TM  (bottom)  image  svibsoenes 
of  identical  areas  of  the  Greenland  ice  sheet 
(65.7®  N,  49.2®  W).  Size  of  each  image  is  7.4  km 
(horizontal)  x  7.2  km  (vertical) . 


TM  (band  4 ;  760-  900  nm) .  The  presence  of  lakes  and 
stream  channels  in  the  SAR  image  oenfirm  that  some  of 
the  image  content  is  sub-svurfaoe  structure  and 
variation  because  in  ^ril,  the  surface  of  the  ice 
sheet  is  covered  by  a  homogeneous  snew  layer  and  no 
surface  lakes  or  streams  exi^. 

The  ooinarlst«  of  the  regiwial  pattern  of  bri^t 
and  dark  areas  in  the  SAR  and  TM  shews  a  strong 
negative  oorrelation;  where  SAR  is  bright,  TM  is  dark, 
and  vice  versa.  We  hypothesize  that  the  reason  for 
this  result  is  due  to  grain  size  veuriations  in  the 
different  regions  within  the  image  area.  Equation  1 
identified  the  ejqsected  increcise  of  SAR  intensity  with 
increasing  grain  size.  Work  by  Dozier  and  Marks 
(1987)  has  shewn  that  for  TM  band  4  there  is  a 
decrease  in  reflectance  with  increasing  grain  size. 
This  is  the  effect  seen  in  Figure  1. 

We  subject  that'  the  variation  in  grain  size  is  a 
result  of  topographically-driven  cemoentrations  of 
surface  meltwater  vMch  subsequently  accelerates  the 
snew  metamorphism  creating  Izurger  snow' grains.  These 
eureas  of  meltwater  accumulation  should  oorxe^xind  with 
topogrz^hic  lews.  The  extreme  cases  are  the  surface 
lakes  vhich  collect  wat^  faster  than  water  can  drain 
along  the  surface  or  throu^  the  snaupack. 

SAR  ACQUIRED  IN  lATE  SUMMER 

When  the  SAR  data  are  aoquired  in  summer,  the 
character  of  the  backscatter  is  quite  different.  The 
example  used  here  cemes  from  the  Seasat  satellite  SAR 
(Irb^,  23.5  cm  wavelength)  vA^ere  an  image  of  western 
Greenland  was  aoquired  on  October  9,  1978  (see 
Bindschadler  and  others,  1987,  Figure  7a).  Although 
not  at  the  same  geographic  locaticn  as  Figure  1,  the 
subsoene  chosen  (Figure  2)  is  in  a  similar  hydrologic 
locations  near  tte  sunmer  snowline  Where  numerous 
lakes  form.  As  with  Figure  l,  a  sunmer  TM  scene  is 
used  for  cenparison  (id#  51261-14033  acquired  August 
14,  1987).  Figure  2  shews  a  positive  correlation 
between  SAR  and  TM:  where  SAR  is  bri^t  so  is  TM  and 
where  SAR  is  dnu:k  so  is  TM. 

We  hypothesize  that  the  cause  of  the  positive 
oorrelation  is  the  presence  of  free  water  which 
reduces  the  pixel  intensities  of  both  SAR  and  TM  the 
greater  the  amount  of  water.  As  mentioned  above, 
water  produces  larger  snew  grains  in  the  wetter  area 
but  for  SAR  the  bri^tening  effect  of  larger  snew 
grains  is  overvhelmed  by  the  water  absorption  effect, 
vhile  for  TM  both  water  and  grain  size  act  in  the  same 
direction.  The  effect  of  sncw-graln  size  cm  SAR 
intensity  will  mollify  the  darkening  due  to  water 
absorption  but  the  latter  definitely  will  deminate 
over  the  espected  ranges  of  free  water  cxsitent  and 
grain  size. 

DISCUSSION 

We  have  given  two  exanples  of  SAR  data  over  ics 
sheets  and  conpared  each  with  sunmer  TM  imagery.  Each 
area  was  in  a  region  where  melting  occurs  during  the 
sunmer  and  some  snow  is  left  at  the  end  of  the  sunmer 
melt  seeiscxt.  The  primary  difference  between  these  two 
cxxparlsais  is  that  one  uses  SAR  data  acquired  during 
winter  and  the  other  uses  SAR  data  aoquired  during 
late  sunmer.  Given  the  sensitivities  of  SAR  to  free 
water  content  and  snow-grain  size  we  feel  this 
difference  is  significant.  We  predict  that  for  a 
fixed  Icxaition  on  an  ice  sheet  where  snow  melts  but 
survives  the  sunmer,  the  pattern  of  bri^t  and  dark 
areeis  in  SAR  imagery  will  reverse  in  sunmer  and 
winter.  The  fact  that  the  pattern  will  reverse  in 
sign  rather  them  shift  in  intensity  ranoves  atry 
reliance  in  stably-calibrated  SARs  and  should  make 
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Figure  2,.  SAR  (top)  ani  W  (bottan)  image  subecenes 
of  identical  areeis  of  the  Greenland  ice  sheet 
(64.4°  N,  48.8°  W) .  Size  of  each  image  is  7.4  Job 
(horizontcil)  x  7.2  km  (vertical). 


detecticxi  siirple.  Where  stably-calibrated  SARs  oculd 
be  used  effectively  is  in  taiporal  caiparisons  of 
backscatter  from  ice  sheet  areas  as  a  means  to 
quanti^  the  free  water  fractic«.  Further  data  need 
to  be  collected  at  the  same  ice  sheet  area  at 
different  seasons  to  ccjifirm  this  reversad  b^vior. 
In  situ  wetness  and  grain-size  data  would  also  prove 
very  useful  to  examine  whether  subsurface  ice  lenses 
can  be  detected. 

Ihe  inportance  of  this  study  rests  in  the  need  to 
maiitor  tenporal  variatitais  in  global  climate.  Ihe 
extent  of  the  ice  sheet  zone  we  have  investigated  (a 
oentoination  of  the  percolation  and  soaked  zcxies  as 
defined  Joy  Benscss,  [1962])  is  a  signature  of  the 
interacticai  of  the  atmo^Jhei^  with  the  ice  sheet 
through  the  processes  of  snew  accumulation  and 
melting.  Variations  in  the  size  or  character  of  this 
zone  will  indicate  variations  in  the  polar  climate. 
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ABSTRACT 

A  modern  coherent  ice-probing  radar  (the  University  of 
Kansas  coherent  Antarctic  radar  depth  sounder  or 
CARDS)  for  probing  the  ice  sheets  of  Antarctica  and 
Greenland  was  successfully  operated  on  Downstream  B,  a 
dynamic  glacier  in  West  Antarctica,  in  the  austral 
summer  of  1987-88.  The  results  clearly  showed  strong 
bottom  echoes  and  several  layered  structures.  Quanti¬ 
tative  results  on  the  bottom  roughness  are  described 
in  a  companion  paper. 

One  of  the  inherent  problems  prevalent  in  wide-angle 
radar  observations  is  the  undesirable  hyperbolic  echo 
profiles  caused  by  Isolated  scatterers,  A  similar 
problem  in  seismic  shooting  is  solved  by  migration 
methods.  Although  this  effect  has  been  considerably 
reduced  in  our  radar  by  choosing  a  higher  frequency 
and  unfocused  processing,  it  is  still  observed  in  the 
data.  A  matched-filter  technique  has  been  developed 
for  removing  these  effects.  The  method  involves 
generating  a  number  of  reference  functions  appropriate 
for  the  actual  data  and  cross-correlating  with  the 
data.  The  correlation  maximum  determines  the  location 
of  the  isolated  scatterer/s.  This  process  is  done  in 
the  frequency  domain  using  FFTs  applied  on  both  the 
data  and  the  reference  function. 

We  have  simulated  performance  for  several  cases  of 
point  scatterers.  Samples  of  actual  data  have  been 
used  to  prove  its  practical  importance  and  effective¬ 
ness. 

INTRODUCTION 

Radio  echo  (radar)  sounding  of  the  ice  sheets  in 
Antarctica  and  Greenland  has  provided  much  information 
about  the  ice  thickness  and  properties  of  the  bottom 
over  the  years.  Recordings  usually  show  the  signal 
strength  as  intensity  mapped  on  an  "image"  with  ab¬ 
scissa  the  horizontal  distance  and  ordinate  the  depth 
to  the  target  (bottom  or  inter::al  rBflector/scattcr- 
er).  Radars  for  this  application  must  use  low  fre¬ 
quencies  if  the  signal  is  to  penetrate  through  the 
ice;  60  MHz  has  often  been  used. 

Use  of  a  low  frequency  means  that  the  antennas  for 
airborne  or  sled-raounte<?  systems  necessarily  have  wide 
beams.  Consequently  tne  radars  receive  signals  from 
targets  over  a  wide  range  of  angles.  For  the  larger 
angles  the  range  to  a  point  scatterer  in  or  beneath 
the  ice  is  considerably  larger  than  the  depth.  When 
the  radar  traverses  over  the  target,  the  signal  range 


varies  from  a  maximum  when  the  edge  of  the  beam 
strikes  it  through  a  minimum  when  the  radar  is  over 
the  target  to  a  maximum  as  the  beam  last  strikes  the 
target.  The  result  on  the  image  is  that  each  strong 
point  target  appears  as  a  hyperbola.  Figure  1  shows  a 
simulation  of  the  signals  from  a  point  target  at 
several  points  along  a  traverse,  indicating  the  effect 
of  the  range  variation. 
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Fig.  1  Hyperbolic  profile  in  recorded  data 
due  to  a  single  scatterer 

These  hyperbolas  frequently  overlap,  resulting  in 
images  that  are  difficult  to  interpret.  Hyperbolic 
returns  from  shallower  strong  targets  at  the  edges  of 
the  beam  may  obscure  weaker  returns  from  targets  near 
the  beam  center.  Thus,  we  need  a  method  that  can  re¬ 
place  each  hyperbola  with  a  point  at  the  location  of 
the  target.  In  this  paper  we  present  a  correlation 
(or  matched-filter)  technique  appropriate  to  the 
problem. 

The  University  of  Kansas  developed  a  modern-technology 
150-MHz  radar  as  a  replacement  for  the  old-technology 
radars  used  previously.  This  radar  was  tested  in  the 
Antarctic  in  1986  and  1987,  and  used  for  glaciology  in 
1988.  We  applied  the  correlation  technique  to  samples 
of  the  1987  measurements  and  found  that  it  signifi¬ 
cantly  improved  the  appearance  of  the  images. 


2m 


THE  GEOMETRY 


MATHEMATICAL  DEVELOPMENT  OF  THE  MATCHED  FILTER 


Figure  2  shows  the  geometry  needed  to  develop  expres¬ 
sions  for  the  hyperbolic  return  signals.  The  radar 
travels  along  the  ice  surface  on  a  path  directly  above 
a  target  whose  depth  is  the  minimum  range  R^.  The 
radar  is  shown  at  point  0.  a  distance  x  along  the 
track  from  the  position  of  the  target.  The  slant 
range  R  is  also  the  displacement  of  the  target  in  the 
vertical  direction  ON  THE  IMAGE.  If  y  is  the  vertical 
displacement  ON  THE  IMAGE,  we  can  write 

-2  2„2  22„2  ,,, 

R-X“R  or  y-x=R  (1) 
0  0 

as  the  equation  of  the  image  hyperbola.  When  this  is 
combined  with  an  appropriate  finite  pulse  shape,  we 
obtain  the  kind  of  result  shown  in  Fig.  1.  The  figure 
shows  the  amplitudes  for  sample  pulses;  on  the  image 
these  amplitudes  would  appear  as  intensities. 


In  the  usual  time-domain  matched-filter  process  we 
consider  a  signal  s(t)  passing  through  a  filter  with 
impulse  response  h(t).  obtaining 

«0 

y(t)  «  /  s(T)h(t-T)dT.  (2) 


The  matched  filter  is  defined  as  having  h(c)  °  s(-t). 
For  symmetrical  signal  functions,  however. 

h(t-T)  =  h(t+T). 

so  the  result  is  equivalent  to  correlation: 

00 

y(t)  “  /  s(T)h(t  +  T)dT  (3) 


Fig.  2  Geometry  for  simulation 


THE  CORRELATION  OR  MATCHED-FILTER  PROCESS 

Although  one  can  think  of  the  process  used  here  as  a 
matched  filter,  a  correlation  approach  is  easier  to 
understand.  Consider  the  situation  shown  in  Fig.  1. 
If  we  have  a  target  that,  produces  such  a  hyperbolic 
return  and  a  reference  function  of  the  same  shape  with 
the  same  minimum  range,  we  may  translate  the  reference 
in  the  X  direction.  In  correlation,  we  take  the 
product  of  the  signal  function  and  the  reference 
function  and  integrate.  Clearly,  if  the  reference 
function  has  its  peak  at  the  same  x  coordinate  as  the 
target,  the  functions  overlap  and  the  integral  of  the 
product  is  maximum.  For  any  other  x  coordinate  of  the 
reference  peak  Che  overlap  is  less,  the  products  are 
smaller  at  each  point,  and  the  integral  is  smaller.  A 
modest  x  displacement  is  enough  to  reduce  the  integral 
significantly,  and  a  large  displacement  reduces  it  to 
zero. 

If  the  reference  has  its.  peak  at  a  different  range 
chan  the  signal.  Che  overlap  is  also  reduced.  If  it 
is  far  enough  from  the  target,  Che  integrated  output 
is  zero. 

Thus,  the  correlation  process  consists  of  moving 
reference  functions  over  the  image  plane  and  perform¬ 
ing  the  required  integration  for  each  location.  The 
output  is  a  “spike"  at  the  location  of  the  target, 
with  the  width  of  the  spike  dependent  on  pulse  width 
and  shape  and  on  the  curvature  of  the  hyperbolas 
(depends  on  target  depth). 


In  this  case,  the  image  is  "four-dimensional":  three 
spatial  dimensions  (along-  and  cross-track  and  depth) 
and  complex  amplitude.'  Here  we  do  not  record  the 
phase,  so  that  fifth  dimension  does  not  apply.  The 
correlation  process  takes  place  in  the  along-track 
direction  and  improves  the  resolution  while  eliminat¬ 
ing  the  hyperbolas.  The  antenna  beamwidth  sets  the 
cross-track  contributions  to  the  image;  no  cross-track 
dimension  appears  in  the  image  because  no  scanning 
takes  place  in  that  direction.  However,  the  correla¬ 
tion  process  provides  modest  narrowing  of  the  beam  in 
the  cross-track  direction  because  the  different  ranges 
to  cross-track  targets  give  different  hyperbolas  that 
do  not  match  the  reference  well. 
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Figure  3.  Illusi.cation  of  hyperbolas  for  different 
depths  and  reference  functions  offset  in  the  x 
direction.  Target  hyperbolic  responses  are  shown  at 
500.  1000,  and  1500  m  depths.  Offset  reference 

hyperbolas  are  at  1000  m  depth,  with  squares  offset 
500  m  and  pluses  offset  1500  m. 

The  shape  of  the  hyperbolas  like  that  in  Fig.  1  de¬ 
pends  on  depth  to  target,  z.  They  arc  sharper  at 
shallower  depths.  For  this  reason,  the  reference 
hyperbolas  for  different  depths  have  different  shapes, 
so  a  common  reference  function  cannot  be  used.  This 
point  and  the  basic  process  are  illustrated  in  Fig. 
3.  Here  we  assume  the  target  is  at  1000-m  depth. 
Other  targets  (or  references)  are  at  500  and  1500  m; 
the  different  shapes  are  clear.  Also  shown  are  two 
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offset  references  at  1000  m,  one  offset  by  500  m  and 
the  other  by  1500  tn.  Although  references  at  different 
depths  do  not  overlap  a  target  response  at  the  same  x 
coordinate,  they  do  intersect  responses  from  deeper 
targets.  Since  these  intersections  are  short  (single 
points  for  the  lines  In  the  figure),  they  contribute 
little  to  the  correlation  for  the  deeper  targets. 

Since  the  radar  output  is  in  power,  the  correlation  is 
of  power  functions  (no  phase  considered).  Let 
f(x,z;z  )  be  the  received-power  function  for  a  target 
at  deptS  Zg.  We  may  generate  a  secies  of  reference 
functions  g(x,z;z^),  where  Zj  is  the  depth  of  a  target 
for  which  g  is  matched.  If  a(t)  is  the  output  of  the 
correlation  of  f  and  g. 


a(x;z  )  “  /  /  f(x,Z)Z  )g((x+T),ZjZ, IdTdz.  (4) 

o  -La,  o  ’ 

The  correlation  is  only  in  the  x  direction,  but  the 
integral  must  Include  the  z  direction.  This  is  the 
difference  from  ordinary  correlations  of  simple  time 
functions.  Hence,  we  may  use  Fourier  transforms  to 
simplify  the  computation  in  the  x  dimension  only: 


A(k^;Z^)=/e  ^  j  /f(x,Z)Z^)g((x+T),a;z^ldTdzdx  (5) 


The  two-dimensional  response  for  a  single  point  target 
is  shown  in  Fig.  4.  Its  half-power  width  is  100  m  in 
both  directions;  the  width  for  a  correlation  function 
is  usually  on  the  order  of  twice  the  width  of  the 
initial  pulse.  Clearly  the  hyperbolic  nature  of  the 
original  signal  was  entirely  removed. 
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Fig.  4  Three-dimensional  display  of 
identified  target  at  100  m 


where  A  is  the  Fourier  transform  of  a.  Changing  the  Figure  5  shows  an  example  of  the  response  for  a  pair 

order  of  integration  and  letting  o  =  x  +  ti  of  targets  separated  100  m  along  tracli  and  75  m  in 

depth.  For  this  situation  the  targets  ace  totally 
^  ^  ^  separated,  although  the  wealter  parts  of  the  response 

j)t  X  -j)(  o  for  the  shallower  target  would,  without  processing, 

A()(  ;z  )o/dz/f (x,z;z  )e  /g((o),z;z^]e  ^  dxdo.  overlap  the  weaker  parts  of  the  deep-target  response. 


The  two  inner  integrals  are  Fourier  transforms,  so 

Oft 

A(k  jz  )=/dzP  (k  z;z  )G(k  X;z,),  (6) 

'  •  X  O  ^  X  O  XI 

where  F  and  G  are  the  transforms  of  f  and  g  and  F*  is 
the  complex  conjugate  of  F.  This  is  different  from 
the  usual  application  of  matched  filtering  to  one¬ 
dimensional  processes  because  of  the  z  Integral.  It 
differs  from  two-dimensional  matched  filtering  because 
one  cannot  transform  with  respect  to  z,  but  must 
integrate.  The  Fourier  transform  allows  use  of  FFT 
routines  for  faster  processing  of  long  data  sets. 

The  result  of  this  is  that  one  must  evaluate  these 
integrals  for  seta  of  Zj,  taking  the  maximum  value  of 
A  as  the  one  corresponding  to  a  match.  This  makes  the 
computation  lengthy,  but  in  the  case  of  large  empty 
depth  regions  (frequently  encountered  in  practice), 
the  trial  values  of  Zj  ne^  only  be  near  the  locations 
of  actual  target  returns.  . 

To  obtain  the  actual  response,  one  then  takes  the 
inverse  transform  of  A(kjj;Zg)  as  given  in  (6)  to 
obtain  a(x;ZQ). 

SIMULATED  RESPONSES 

The  actual  resolution  of  the  University  of  Kansas 
radar  is  6  m  in  the  ice,  but  simulations  were  per¬ 
formed  for  a  radar  with  50-m  resolution  to  allow  the 
nature  of  the  response  to  be  shown  better. 


KMO-nUX  OOTANCt.  U 

Fig.  5  Three-dimensional  view  of  a 
transformed  result 

Figure  6  shows  the  correlation  functions  for  different 
values  of  z,  when  the  targets  are  100  m  apart  along 
track  and  50  m  apart  in  depth.  The  effect  of  the 
target  at  100-m  depth  is  to  broaden  the  response  for 
Zj  °  50  m,  but  only  at  low  levels.  The  50-m  deep 
target  has  a  similar  effect  on  the  Zj  =  100-m  re¬ 
sponse.  The  responses  at  75-m  and  80-m  depths  show 
that  the  outputs  overlap  in  this  region,  but  they  are 
far  enough  below  the  peaks  to  make  the  presence  of  two 
targets  obvious. 
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Fig.  6  Two  targets  at  different  depths  and 
their  locations  identified  after  matched  filtering 

The  appearance  of  these  responses  on  an  image  is  given 
in  Fig.  7.  This  uses  resolution  comparable  with  that 
for  the  actual  radar  (5  m).  The  targets  are  only  S  m 
apart  along  track  and  7.5  m  in  range.  Unfortunately, 
the  printed  reproduction  of  the  gray  scales  makes  the 
targets  appear  to  overlap  more  than  they  would  in  a 
good  photographic  rendition  with  adequate  gray-level 
range. 


Fig.  7  Image  of  two  well-separated  targets 
identified  by  filtering 

RESULTS  ON  REAL  DATA 

Our  data  from  Ice  Scream  B  in  West  Antarctica  have  few 
of  the  hyperbolas  common  in  other  Antarctic  regions. 
Apparently  tiie  bottom  is  smooch  enough  that  point 
targets  are  the  exception  in  this  area.  However,  many 
point  scatterers  seem  to  be  present  in  the  volume 
within  350  m  of  the  surface.  Figure  8  shows  an  exam¬ 
ple  for  a  ground-based  traverse  made  in  1987.  Figures 


8(a)  and  (b)  show  the  original  data  as  given  on  a 
computer  printer  with  two  different  threshold  levels. 
The  vertical  streaks  extending  through  the  image  are 
artifacts  from  noise  introduced  into  the  system.  One 
can  see  a  rather  jumbled  array  of  volume-scatter 
returns  in  the  upper  layer,  with  some  hints  of  hyper¬ 
bolic  shapes.  However,  when  thu  processing  algorithm 
was  applied,  the  result  is  as  shown  in  Fig.  8(c). 
Clear  patterns  of  the  nature  of  the  upper-layer  scat¬ 
ter  emerge. 


(a)  Raw  image  (b)  Raw  image;  (c)  Filtered  image 
same  as  (a)  but  with 
a  different  gray  scale 

Fig.  8  Effect  of  matched  filtering  applied 
CO  a  raw  image 


CONCLUSION 

The  algorithm  presented  here  allows  -removal  of  the 
hyperbolic  confusion  associated  with  point-target 
echoes  in  sounding  through  glacial  ice.  It  made  a 
significant  difference  in  the  appearance  of  the  re¬ 
sponse  in  the  upper  layers  of  Ice  sheet  B. 

The  algorithm  uses  a  correlation,  or  matched-filter, 
approach  to  convert  the  hyperbolic  point-target  re¬ 
sponses  into  spike  responses.  The  nature,  of  the 
correlation  is  different  than  in  most  applications 
because  of  the  need  to  correlate  in  the  along-track 
direction  while  integrating  in  the  range  direction. 
We  believe  this  is  a  new  approach  that  can  signifi¬ 
cantly  improve  displays  of  the  outputs  'of  glacial-ice 
sounding  radars  and  other  radars  with  wide  beamwidths. 
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ABSTRACT 

Host  models  of  glaciers  that  have  depths  in  excess  of  500  m  propose  that  the  ice 
present  in  the  deepest  half  of  the  glacier  is  totally  compressed  by  the  mass  of  the 
ice  above ‘it. 

A  150-HHz  coherent  radar  system  was  used  to  survey  areas  adjacent  to  a  hot  water  dril¬ 
ling  operation.  The  drilling  was  conducted  on  a  1030-m  deep  portion  of  Ice  Stream  B 
in  West  Antarctica.  On  two  separate  occasions  a  sequence  of  radar  traverses  observed 
strong  specular  reflections  from  a  temporary  horizontal  water  layer  injected  into  the 
glacier  by  the  drilling  operation.  This  is  the  first  radar  observation  of  water 
placed  deep  into  a  glacier  from  a  Known  source. 

On  the  first  occasion  the  layer  was  observed  at  a  depth  of  840  m,  while  on  the  second 
occasion  the  layer  was  observed  at  780  m.  In  both  cases  the  water  layer  refroze  over 
a  period  of  8  to  14  hours.  The  horizontal  openings  that  received  the  water  from  the 
drilling  operation  are  a  totally  unexpected  structural  form  at  such  great  depths  with¬ 
in  a  glacier.  These  two  observations  indicate  that  such  structures  do  exist  and  sug¬ 
gest  that  these  phenomenon  require  more  detailed  study  for  a  satisfactory  explanation. 
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ABSTRACT 

An  Important  quantity  In  the  study  of  movement  of  the 
Antarctic  glacial  Ice  Is  the  bottom  roughness.  The 
University  of  Kansas  coherent  Antarctic  radar  depth 
sounder  (CARDS)  has  made  ISO-HHz  backscatter  measure¬ 
ments  through  the  Ice  cap  for  two  field  seasons.  The 
bottom  echoes  have  characteristics  similar  to  those 
received  from  a  radar  altimeter  over  land  or  sea  and 
to  the  echoes  used  by  astronomical  radars  to  study 
characterlstios  of  remote  planetary  objects. 

He  have  used  a  simple  scattering  model  to  synthesize 
expected  return  pulses  and  compared  It  with  those 
returned  to  CAROS  from  the  bottom  of  the  Ice  sheet. 
The  model  has  two  parameters)  standard  deviation  of 
height  and  horizontal  autocorrelation  length  of  the 
bottom  roughness.  A  least-squares  fitting  procedure 
allows  determination  of  the  appropriate  parameters  for 
the  observed  roughness.  Variations  In  different 
locations  beneath  the  Ice  sheet  Indicated  by  these 
results  are  of  direct  Interest  to  glaciologists. 

INTRODUCTION 

Studies  of  the  dynamics  of  the  Antarctic  Ice  sheets 
are  Important  In  tliat  they  may  lead  to  Information  on 
long-term  climatic  trends.  Moreover,  these  studies 
help  In  determining  whether  retreat  of  the  Ice  sheets 
might  lead  to  significant  rises  In  sea  level  on  a 
global  scale.  Bottom  roughness  Is  Important  In  such 
studies  because  It  Is  an  Indicator  of  the  friction 
that  Impedes  glacial  flow. 

Radar  returns  depend  on  functions  of  roughness  and 
permittivity.  Th'is  they  may  serve  U)  measure  rough¬ 
ness,  a  method  widely  used  In  radar  astronomy  [Dani¬ 
els,  1961).  He  may  apply  a  similar  method  to  the 
study  of  bottom  roughness  of  an  Ice  sheet.  Echoes 
from  the  bottom  of  the  Ice  have  characteristics  simi¬ 
lar  to  those  received  from  a  radar  altimeter  over  land 
or  sea  and  radar  telescope  signals  used  to  study 
characteristics  of  remote  planetary  objects. 

The  University  of  Kansas  150-MHz  Coherent  Antarctic 
Radar  Depth  Sounder  (CARDS)  made  backscatter  measure¬ 
ments  through  the  Ice  cap  of  Hast  Antarctica  during 
the  last  two  field  seasons)  1987  at  a  downstream  area 
and  1988  at  an  upstream  site  In  Ice  stream  B. 

He  used  two  simple  one-dlmenslonal  scattering  models 
to  synthesize  expected  returned  pulses.  He  then  used 
a  least-mean-square  algorithm  to  compare  them  with 


pulses  returned  to  CARDS  from  the  bottom  of  the  Ice 
sheet.  This  provided  an  estimate  of  the  characteris¬ 
tics  of  bottom  roughness'. 

MODELING  OP  RADAR  BOTTOM  ECHO 

To  develop  the  model  fcr  the  radar  echo  from  the 
bottom  surface,  we  consider  a  plane  wave  propagating 
toward  a  rough  surface  at  angle  of  Incidence  8.  The 
scattering  was  described  by  a  standard  physical-optics 
model.  The  mean  power  returned  from  the  rough  surface 
depends  for  this  model  on  the  form  chosen  for  the 
surface  correlation  function  [Fung  s  Moors,  1966; 
Skolnlk,  1975). 

Two  correlation  functions  frequently  appear  In  the 
scattering  literature)  exponential  and  Gaussian.  If 
the  surface  correlation  function  Is  exponential,  it 
takes  the  form 

exp(*|x|/h)  ,  (1) 

where  x  is  the  height  relative  to  the  mean  level  of 
the  rough  surface  and  L  Is  Its  correlation  length. 
Then  the  mean  backscattered  power  from  the  rough 
surface  Is 

p(e)  - - - —  (l  +  A  ’  (2) 

cos^B  sin  8  cos^9 


9  is  the  Incident  angle  of  the  plane  wave,  d  Is  the 
standard  deviation  of  surface  height,  and  K  Is  a 
constant. 

On  the  other  hand.  If  the  correlation  function  is 
Gaussian,  It  Is 

exp(-x^L^).  (4) 

The  mean  backscattered  power  can  then  be  expressed  as 

2 

P(e)  ■  71^  (•=^  tan^B).  (5) 

2d 

The  meanings  of  8,  K,  d,  and  L  are  the  same  as  In  (2). 

Since  CARDS  points  vertically  down,  signals  for  the 
bottom  echo  ace  composed  of  multiple  backscattering 
from  different  angles  near  vertical.  At  each  angle. 
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the  mean  backacatteced  power  la  proportional  to  p(  6) 
as  In  (2)  or  (S).  For  CARDS  operating  on  the  surface, 
6  la  function  of  tine  described  by 

6(t)  «  C08~\h/r)  «  cos~^  ^h~.f 'c't'/2^  t  >  0,  (6) 

where  h  Is  the  height  of  radar  recelvur  above  the 
rough  bottom  surface,  r  Is  the  distance  between  the 
transmitter  and  the  scatterer,  c  Is  speed  of  light  In 
the  Ice,  and  t  Is  delay  time. 

Considering  the  bottom  echo  as  a  weighted  summation  of 
continuous  scattering  from  different  angles,  we  can 
model  the  mean  returned  voltage  pulse  as  a  convolution 
of  the  transmitted  pulse  with  a  weighting  function 

«• 

V  (t)  «  /  V  (x)  w(t-x)  dx  (7) 

0 

where  v^(t)  Is  the  radar  echo,  v^(t)  Is  the  transmit¬ 
ted  pulse,  and  w(t)  Is  a  random  weighting  function. 
Under  the  assumptions  that  the  signals  backscattered 
from  the,  rough  surface  at  different  angles  are  uncor- 
related  and  that  the  antenna  pattern  Is  Isotropic, 
w(c)  has  the  form 

w(t)  -  p(e)’''^x(t)  (8) 

Since  6  Is  function  of  time,  p(  6)  can  be  written  as 
p(t).  The  fading  Is  approx'lmated  by  a  zero-mean 
random  process  x(t)  with  a  correlation  function 

Rjjj^(t)  -  «(t). 

Notice  that  v(t)  Is  not  stationary  because  p(9)  de¬ 
pends  explicitly  on  t.  Its  correlation  function  Is 

R^(t.u)  -  p(t)’'^p(u)’^^  6(t-u).  (9) 

The  mean  power  of  w(t)  Is 

0  (t)  »  p( 6(t)). 

ww 

Ulth  (8),  we  can  estimate  mean  power  of  the  bottom 
echo  as 

p(t)  -  e(//v(x)  w(t-x)  v(u)  w(t-u) 

00 

COCO 

»  //v(x)  v(u)  R  (t-u,  t-x)  dx  du 
00 

00 

»  /  v(xj^  p(t-x)  dx,  (10) 

0 

which  Is  a  convolution  of  the  power  of  a  transmitted 
pulse  and  the  mean  returned  power  of  plane  waves. 

For  CAROS,  the  transmitted  pulse  v(t)  has  an  approxi¬ 
mately  Gausslem  shape: 

v(t)  »  exp  (-(t/q)^), 

where  q  Is  a  scale  factor  used  to  match  the  3-dB  pulse 


width.  The  mean-square  error  of  estimation  Is  defined 
as 

00  ^ 

MSE  -  /  (p(t)  -  p(t,t„o)^  dt,  (11) 

0 

where  p(t)  Is  the  mean  power  of  the  bottom  echo  mea¬ 
sured  by  CARDS,  and  p(t,l,,o)  Is  Its  mean  power  esti¬ 
mated  from  (10)  ulth  parameters  L  and  o^.  However, 
the  returned  power  only  depends  on  the  ratio  of  L  and 
r  for  exponential  correlation  as  In  (2)  or  the  ratio 
of  L  and  0  for  Gaussian  correlation  as  In  (5). 

An  Iterative  procedure  was  used  to  determine  the  model 
parameters  that  minimized  the  HSE.  For  this  purpose 
p(t)  was  the  mean  of  10  adjacent  pulses. 


Fig.  la 


Pig.  1b 

Fig.  1  Comparison  of  radar  bottom  echoes  and  computer 
simulations  using  a  scattering  model  based  on 
an  exponential  correlation  function,  la  and 
1b  show  the  bottom  echoes  from  two  different 
places  In  the  downstream  region  of  Ice  Stream 
B  In  West  Antarctica.  The  data  are  from 
1987.  )c  Is  the  smoothness  factor  L/o^. 
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RESULTS  OP  COMPUTER  SIMULATION 

using  (10)  and  (11),  we  compared  tlie  computer  simula¬ 
tions  witli  t)ie  data  collected  during  1987  and  1968 
from  Antarctica.  We  found  that  the  model  developed 
with  the  Gaussian  correlation  function  fits  the  mea¬ 
sured  data  poorly.  With  the  exponential-correlation 
model,  th'4  simulated  returned  pulses  and  the  data 
agree  we)  . 

Figures  1  and  2  show  these  results  for  examples  from 
1987  (downstream  B)  and  1988  (upstream  B),  respective¬ 
ly.  Figures  la  and  1b  compare  the  measured  radar 
bottom  echoes  from  two  different  places  at  the  down¬ 
stream  location  and  their  computer  simulations.  The 
bottom  surface  of  la  is  smoother  than  that  of  1b  since 
the  ratio  k  =  L/o^  is  considerably  higher  than  for  1b. 


Fig.  2  Comparison  of  radar  bottom  echoes  and  computer 
simulations  using  a  scattering  model  based  on 
an  exponential  correlation  function.  2a  and 
2b  show  the  bottom  echoes  from  two  different 
places  in  the  upstream  region  of  Ice  Stream  B 
in  West  Antarctica.  The  data  arc  from  1988. 
k  is  the  smoothness  factor  L/o^. 

The  bottom  of  the  ice  is  typically  smoother  at  up¬ 
stream  B  than  at  tiie  downstream  site.  Figure  2a  is 


atypical  for  the  upstream  area,  and  Figure  2b  is 
typical.  The  smoothness  factor  k  for  Figure  2a  is 
only  slightly  greater  than  those  for  Figure  1.  For 
the  more  typical  case  shown  in  Figure  2b,  it  is  much 
greater.  Indeed,  the  surface  in  this  case  is  nearly  a 
specular  reflector,  although  it  is  still  rough. 

Unfortunately,  one  cannot  fully  describe  the  roughness 
from  such  measurements.  With  the  exponential  rough¬ 
ness  correlation  function,  the  shape  parameter  for  the 
echo  is 

k  =  L/o  . 

so  the  correlation  length  and  standard  deviation  of 
height  cannot  be  separated.  The  rms  slope  of  a  sur¬ 
face  is  related  to  o/L,  and  this  is  certainly  a  mea¬ 
sure  of  roughness  in  one  sense.  The  standard  devia¬ 
tion  0  is  a  measure  in  another  sense.  Thus  the 
smoothness  descriptor  k  may  be  thought  of  as 


( 3d  of  roughness ) ( rms  slope ) 

Further  work  is  needed  to  establish  the  relationship 
between  this  parameter  and  sliding  friction,  the 
quantity  of  glaciological  interest. 

SUMMARY 

This  study  hows  that  rough-surface  modeling  may  be 
very  useful  for  determining  the  bottom  roughness  of 
the  Antarctic  ice  sheet  from  radar  echoes.  However, 
the  model  presented  here  does  not  account  for  differ¬ 
ences  in  roughness  with  direction,  since  the  scatter¬ 
ing  function  is  based  on  an  Isotropic  model  for  the 
correlation  function.  Although  the  antenna  beam  shape 
was  not  taken  into  account  in  the  computer  simulation, 
the  wide  beams  associated  with  low-frequency  radars 
mean  that  this  factor  is  unimportant— the  beamwidth  of 
the  scattering  is  much  narrower  than  that  of  the 
antenna.  The  coherent  integration  used  in  CARDS 
reduces  the  effective  beamwidth  in  the  direction  of 
travel,  however.  Hence,  an  improved  model  will  be 
developed  to  account  for  the  effect  of  the  synthetic 
beam. 

The  smoothness  factor  that  arises  from  the  successful 
use  of  the  exponential  correlation  function  for  bot¬ 
tom-surface  roughness  includes  both  rms  slope  and 
height  standard  deviation.  We  do  not  see  how  these 
two  components  of  the  roughness  may  be  separated  using 
radar  echoes.  However,  this  method  provides  the  first 
fine-scale  botto.n-roughness  estimates  for  the  Antarc¬ 
tic  glaciers.  Relating  the  smoothness  parameter  to 
sliding  friction  is  a  task  for  the  future. 
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Abstract 

Because  of  their  high  accuracy,  satellite  altimeter  data 
give  the  promise  of  being  able  to  resolve  many 
questioi}s  concerning  the  stability  or  otherwise  of  the 
large  ice  sheets  of  the  world,  and  especially  to  show 
whether  these  ice  sheets  are  increasing  or  decreasing 
in  volume.  The  drawback  of  current  and  proposed 
altimeters  is  that  they  have  a  large  footprint,  of  the 
order  of  20  km  across,  and  measure  the  range  to  the 
nearest  point  on  the  surface  within  that  footprint. 
This  results  in  apparent  errors  of  up  to  100  metres  in 
surface  elevation  measurements,  dependent  on  the 
slope  of  the"  surface.  This  paper  addresses  the 
problem  of  converting  the  range  measurements  from 
altimeter  data  into  true  surface  elevations,  using  the 
relocation  method  of  !'arrison(1970).  An  algorithm  is 
presented  that  takes  into  ;  "count  the  geometry  of  the 
satellite  case,  and  which  us-*s  the  inevitable  across 
track  drift  of  nominal  repea"-  orbits  in  order  to 
determine  the  correction  in  both  the  along  and  across 
track  direction.  Using  this  method,  no  external  surface 
slope  data  are  needed,  and  local  surface  undulations 
on  length  scales  of  1  km  or  less  ca>.  be  resolved.  The 
accuracy  of  the  method  is  of  the  same  order  as  that 
of  the  original  measurements  in  al'  except  a  minority 
of  cases,  and  these  cases  c.''^  be  detected  by  the 
algorithm.  The  algorithm  is  tested  using  a  model  ice 
sheet  surface,  and  accuracy  and  quality  assurance  are 
discussed.  Although  the  method  is  discussed  in  the 
context  of  ice  sheets,  it  is  equally  applicable  to  other 
land  surfaces  over  which  the  altimeter  retains  lock. 

Keywords 

Altimetry,  Slope  Correction,  Ice  Caps 
Introduction 

Satellite  altimeter  data  have  the  potential  for 
measuring  very  small  ('20  cm)  changes  in  the 
elevation  of  suitable  terrain  surfaces.  One  of  the  main 
problems  with  these  data  is  the  difficulty  of  comparing 
them  with  data  obtained  by  other  methods,  e.g. 
Geoceivers,  GPS  etc.,  because  the  altimeter  ranges  to 
the  closest  point  of  the  surface  within  its  footprint, 
rather  than  to  the  nadir  point.  Various  methods  of 
converting  the  measured  range  to  a  nadir  range  have 
been  proposed  (Brenner  and  others,  1983),  but  these 
rely  on  a  variety  of  assumptions,  the  most  obvious 
being  that  there  is  constancy  of  slope  between  the 
nearest  point  on  the  surface  and  the  nadir  point.  A 


further  difficulty  is  that  of  taking  into  account  cross¬ 
track  slopes.  This  paper  presents  a  method  of 
performing  slope  correction  by  relocating  the 
measurement  point  to  the  point  nearest  to  the  satellite, 
and  correcting  the  range  appropriately.  In  order  to 
obtain  the  cross  track  component  of  the  correction, 
several  orbits  are  used,  and  the  natural  scatter  of 
these  orbits  is  used  to  compile  a  correction  in  both 
along  and  across  track  directions. 


Ground 

Surface 


Fig  1  Diagram  to  illustrate  the  relationship  between 
surface  slope  and  range  rate. 

Theory 

The  method  is  adapted  from  that  of  Harrison  (1970), 
with  amendments  for  the  3-dimensional  case,  and  for 
the  somewhat  different  geometry  that  must  be 
considered  for  the  satellite  case.  If,  at  a  particular 
sub-satellite  point,  the  rate  of  change  of  range  of  the 
ground  from  the  satellite  with  respect  to  distance 
along  the  ground  is  dR/dS,  and  the  direction  of 
maximum  slope  with  respect  to  the  chosen  coordinate 
system  is  6,  then  considering  figure  1  we  obtain  : 

i  =  sin"^(dR/dS) 

Then,  considering  figure  2,  we  see  that  : 

r  =  sin'^-iR.sini/Rg) 

and 

Rg  =  Rg(1.0-sin(*-r)/8in*) 

and  hence,  resolving  T  into  components  along  and 
across  track  we  have: 


*  Now  at  British  Antarctic  Survey,  High  Cross, 
Madingley  Rd,  Cambridge  CB3  OET,  Great  Britain. 


8x  =  r.CosS 
6y  =  r.SinO 
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Where  $  is  the  angle  of  slope  of  the  surface,  Rq  is  the 
corrected  range  from  the  spherical  shell  containing 
the  satellite  orbit,  Rg  is  the  radius  of  the  satellite 
orbit,  R  is  the  range  from  the  satellite  to  the  surface, 
r  is  the  angular  distance  from  the  sub-satellite  point 
to  the  corrected  position,  and  6x  and  6y  are  the 
angular  distances  along  and  across  track  from  the 
sub-satellite  point  to  the  corrected  position. 


Fig  2  Diagram  to  illustrate  the  geometry  of  slope 
correction  in  the  satellite  case. 

Implementation 

In  implementing  this  method,  the  most  critical  element 
is  to  estimate  the  value  of  dR/dS  and  0  for  each 
satellite  ground  position.  The  method  finally  chosen 
after  experiment  was  to  fit  a_  plane  to  the  data  from 
the  satellite,  using  a  weighted  least  squares  method. 
The  weighting  used  was  proportional  to  the  inverse  of 
the  square  of  the  distance  from  the  required  point, 
and  normalized  'to  the  average  spacing  of  the  points. 
If  this  resulted  in  a  weight  greater  than  1,  then  the 
weight  was  set  to  1.  Then,  the  equation  of  the  plane 

R  =  Ax  +  By  +  C 

was  obtained  by  solving  the  simultaneous  equations  ; 


ERx 

EWx^ 
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where  W  is  the  square  of  the  weighting  value,  x  is  the 
along  track  coordinate  in  metres,  y  is  the  across  track 
coordinate  in  metres,  and  R  is  the  range  value  in 
metres.  It  was  observed  that  better  numerical  stability 
is  obtained  if  the  origin  of  coordinates  was  taken  as 
the  point  at  which  the  slope  is  to  be  determined.  Care 
also  must  be  taken  in  calculating  along  and  across 
track  distances  when  near  the  start  of  the  ground 
track,  as  very  small  angles  arc  involved,  and  these 


may  cause  difficulties  if  the  computer  has  limited 
numerical  precision. 

We  then  obtain  the  slope  and  direction  of  slope  as 
follows  ; 

dR/dS  =  7(a2  +  b2) 

8  =  Tan“l(B/A) 

Data  Organization 

In  this  study,  a  very  simple  means  of  organizing  the 
data  has  been  used,  for  a  proof  of  the  concept.  The 
mean  start  and  end  of  the  data  segments  are  found, 
and  are  used  to  define  a  great  circle  which  is  used  as 
the  mean  track.  Offsets  from  this  track  are  then 
calculated  and  used  as  inputs  to  the  equations  above. 

In  a  real  implementation  this  would  not  be  feasible,  as 
the  satellite  may  not  remain  in  one  repeat  pattern  for 
sufficient  repeats  to  give  across  track  slopes.  A 
further  disadvantage  would  be  that  the  additional  data 
available  at  crossing  points  would  not  be  used.  This  is 
being  addressed  in  current  studies,  and  will  probably 
require  the  use  of  a  hierarchical  cell  structured 
database,  possibly  based  on,  tesseral  addressing  (Diaz, 
1986  and  Lusby-Taylor,  1986).  Such  a  database 
organization  would  allow  a  correction  to  be  made  even 
in  regions  where  the  satellite  tracks  were  sparse, 
although  a  significant  improvement  in  quality  ..  is 
expected  for  more  repeat  cycles. 

Accuracy  and  Quality  Assurance 

The  accuracy  of  this  method  is  dependent  on  the 
accuracy  of  individual  range  measurements,  and  on 
the  accuracy  with  which  the  satellite  position  is  known 
in  three  dimensions.  All  these  can  be  regarded  as 
inaccuracies  in  the  range  figure.  A  rough 
approximation  of  the  error  in  the  estimate  of  dR/dS 
induced  by  range  errors  is  : 

6g  =  6n/(D.7N) 

Where  fig  is  the  error  in  the  estimated  gradient,  is 
the  error  in  the  range  measurement,  D  is  a 
characteristic  distance  over  which  the  estimate  takes 
place,  and  N  is  the  number  of  measurements  used. 
Thus,  if  we  take  reasonable  approximations  for  the 
case  of  Seasat  and  ERS-1  of  D  *  1km,  »  Im  and  N 
=  30,  then  gg  *  0.0002. 

In  addition  to  this  overall  estimate  of  the  errors,  it 
would  also  be  possible  to  estimate  the  errors  due  to 
the  fitting  of  a  plane  to  the  data,  using  standard 
statistical  techniques. 

As  well  as  random  errors  in  range  determinations, 
errors  are  introduced  by  the  breakdown  of  the 
assumptions  of  the  model  used  to  estimate  the  slope  at 
a  particular  point.  The  particular  assumption  that  will 
cause  the  breakdown  of  the  method  is  that  of 
continuity  of  slope.  dR/dS  is  discontinuous  if  the 
radius  of  curvature  of  the  surface  is  less  than  the 
range  to  the  satellite  (Harrison,  1971),  and  this  causes 
the  assumption  that  the  surface  can  be  modelled  by  a 
plane  to  break  down.  It  is  possible  to  be  aware  of  the 
breakdown  of  this  assumption  by  calculating  the 
distance  between  successive  relocated  points  along  the 
same  track,  and  normalizing  them  to  the  distance 
between  the  un-relocated  points.  The  resulting  figure 
is  an  indication  of  the  quality  of  the  result,  with 
values  increasingly  greater  than  1  indicating 
increasing  likelihood  of  the  presence  of  a  discontinuity 
in  the  range  surface.  Values  less  than  1  occur  at  the 
crests  of  rises  in  the  surface,  and  indicate  a  high 
degree  of  confidence  in  the  result. 
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Test  procedure 

In  order  to  test  the  slope  correction  algorithm)  a  tost 
procedure  was  devised.  Test  input  data  were  created 
by  finding  the’  minimum  range  from  a  series  of 
satellite  positions  to  the  surface  of  the  ice-cap  model 
defined  by  Drewry  et  al  (1985),  within  the  bound  of 
the  altimeter’s  beam  limit.  In  order  to  overcome  the 
problem  of  local  minima  in  the  range,  five  different 
starting  points  were  used  for  each  determination,  and 
the  lowest  minimum  was  used  as  the  test  data.  In 
addition  to  returning  the  minimum  range,  the  position 
on  the  ground  of  that  minimum  was  also  returned,  so 
both  the  vertical  and  horizontal  accuracy  of  the 
algorithm  could  be  tested. 

This  procedure,  using  modelled  data,  was  used  in 
preference  tc  using  Seasat  data  because  of  the  lack  of 
ground  truth  for  Seasat  surface  elevations. 

After  producing  these  test  data,  three  forms  of  error 
were  introduced  into  the  data,  to  simulate  inaccuracies 
in  both  the  determination  of  the  satellite  orbit,  and 
in  the  range  ‘determination.  In  the  case  of  errors  in 
the  orbit  determination,  it  was  assumed  that  the 
errors  are  uncorrelated  between  tracks,  but  constant 
along  a  particular  track.  They  were  applied  as  a 
standard  deviation  for  the  radial  component  of  the 
orbit,  and  a  standard  deviation  for  the  horizontal 
component  of  the  satellite  track.  The  range  errors 
were  assumed  to  be  uncorrelated  both  along  track  and 
between  tracks,  and  were  applied  by  specifying  a 
standard  deviation,  as  for  the  other  errors. 

The  ice  model  was  chosen  as  the  test  surface  in  order 
to  produce  data  most  like  that  which  will  be  obtained 
over  real  ice-  caps.  However,  this  model  surface 
includes  such  features  as  cliffs  (at  the  margin  of  the 
ice  shelves),  steep  slopes  (near  the  margin  of  the  ice 
cap)  and  a  wide  variety  of  gently  undulating  terrain 
at  various  distances  from  the  centre  of  the  ice  cap. 

Test  Results 

Three  sets  of  test  data  were  used.  These  were  chosen 
to  illustrate  the  performance  of  the  algorithm  over  the 
three  different  types  of  terrain  mentioned  above.  In 
addition  to  this,  for  each  location,  the  test  was  run 
with  negligible  error  (not  zero,  because  of  computing 
problems),  and  with  errors  similar  to  those  expected 
from  the  actual  mission,  i.e.  range  measurement  error 
with  a  standard  deviation  of  0.1  m,  radial  component 
of  the  orbit  with  a  standard  deviation  of  0.25  m  and 
horizontal  component  of  the’  orbit  with  a  standard 
deviation  of  5.0  m.  These  results  are  presented  as  a 
series  of  histograms  and  cumulative  frequency 
diagrams  (fig.  3a-c). 

All  the  results  show  a  peaked  distribution,  with  a 
mode  at  or  very  near  zero.  The  distributions  tend  to 
be  skewed,  as  a  result  of  errors  in  the  slope 
estimation  which  is  systematically  too  low.  There  is 
also  a  broad  tail  on  the  distribution,  which  is 
explained  by  errors  in  the  slope  estimation  due  to 
discontinuities  in  the  range  rate  which  occur  on 
concave  upwards  portions  of  the  surface. 

In  all  the  figures  3a-c,  it  will  be  seen  that  the 
cumulative  frequency  diagrams  often  do  not  reach 
lOOX.  This  is  because  the  data  have  been  truncated  to 
2.0  m,  to  make  the  diagrams  uniform.  This  only  loses  a 
significant  amount  of  data  in  figure  3c.  In  these 
figures,  there  is  a  second  peak  at  a  very  large  error 
(80  m!),  which  is  not  shown.  This  arises  because  of 
severe  underestimation  of  the  slope  at  a  major 
discontinuity.  It  would  also  occur  for  a  cliff  higher 
than  that  used  in  figure  3b,  which  was  50  m  high. 


The  shape  of  the  distribution  is  such  that  the 
standard  deviation  of  the  errors  is  a  poor  estimator  of 
the  likelihood  of  a  result  with  a  particular  error.  The 
cumulative  frequency  curves  portray  the  results  more 
clearly,  and  it  can  be  seen  that,  in  the  worst  case, 
70-80X  of  the  results  lie  within  1  m  of  the  correct 
value,  and  that  more  typical  results  would  be  70X 
within  .5  m.  The  error  figures  used  in  these  tests  are 
rather  high,  and  the  cross  track  error  for  the  final 
orbit  determination  is  unlikely  to  be  as  high  as  5  m. 
Thus,  these  errors  give  a  slightly  pessimistic  view  of 
the  accuracy  likely  to  be  attained  with  real  data. 
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Fig  3  Error  distributions  for  three  test  cases.  In  all 
cases,  the  full  line  and  the  filled  bars  are  for 
test  data  with  no  added  noise,  and  the  empty 
bars  and  dashed  lines  are  for  data  with  0.1  m 
standard  deviation  in  range  determination, 
0.25  m  in  the  satellite  elevation  and  5  m-  in 
the  satellite  position.  A  is  for  an  undulating 
surface,  B  is  for  a  surface  with  a  50  m  cliff, 
and  C  is  for  a  surface  with  a  very  steep 
slope. 

Future  Improvements 

It  is  clear  that  the  worst  source  of  error  remaining  in 
the  method  is  poor  estimation  of  the  surface  slope  in 


the  vicinity  of  discontinuities  in  the  range  rate, 
caused  by  concave  upwards  surfaces.  This  can  be 
overcome  by  detecting  such  discontinuities,  and  by 
rejecting  data  from  the  side  of  them  opposite  from  the 
sub-satellite  point  for  which  the  correction  is  being 
computed.  Work  is  in  progress  to  provide  an  algorithm 
for  detecting  such  discontinuities.  When  this  is 
implemented,  it  is  hoped  that  the  error  distribution 
will  be  considerably  narrowed,  and  be  entirely  due  to 
numerical  errors  and  to  errors  caused  by  poor  slope 
estimation  caused  by  either  uncertainties  in  the 
measured  parameters  or  by  unavoidable  errors  in  the 
slope  estimate. 

Conclusions 

A  method  has  been  presented  for  correcting  the  slope 
induced  errors  in  satellite  altimeter  data.  This  method 
is  geometrically  correct,  and  is  capable  of  producing 
both  along  and  across  track  corrections,  without  any 
prior  assumptions  concerning  the  across  track  slope, 
or  any  iterative  techniques.  Methods  are  available  for 
assessing  the.  accuracy  of  the  result,  and  flagging 
invalid  results. 
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ABSTRACT 

Because  ice  is  transparent  to  electromagnetic  waves 
with  frequencies  less  than  300  MHz,  low-frequency 
radar  can  provide  a  rapid  image  of  a  glacier  from  Che 
surface  to  bedrocK.  Such  a  radar  can  be  used  to 
obtain  a  contour  map  of  the  glacier's  ice  thickness. 
Glaciologists  use  this  contour  map  to  calculate  the 
total  mass  of  the  ice  at  specific  points.  They  then 
can  use  this  information  along  with  strain  measure¬ 
ments  to  determine  the  shear  stress  at  the  base  of  the 
glacier. 

Previous  ice-sheet  "radio-echo-sounding"  systems  used 
vacuum-tube  technology  and  did  not  use  coherent  inte¬ 
gration.  We  developed  a  150-MHz  radar  system  designed 
specifically  for  probing  the  continental  ice  of  Ant¬ 
arctica.  This  system  uses  coherent  integration  and 
solid-state  technology.  Thus,  only  20  W  of  peak 
output  power  can  produce  signal-to-noise  ratios  com¬ 
parable  to  those  of  older  high-power  systems. 

We  used  our  system  to  conduct  a  survey  on  Ice  Stream  B 
in  West  Antarctica  in  December  1988.  The  survey 
concentrated  on  a  2-kra  by  10-km  grid  surveyed  by  Ian 
Whlllans  of  The  Ohio  State  Uhiversity.  The  measure¬ 
ments  allowed  us  to  produce  an  ice-thickness  map  with 
a  10-m  contour  interval.  This  contour  map  wxll  be 
used  by  glaciologists  to  estimate  Che  basal  shear 
stress  of  the  glacier  and  thereby  estimate  future 
glacial  movement. 

INTRODUCTION 

Glaciologists  in  the  Siple  Coast  Project  are  studying 
Ice  stream  B  in  West  Antarctica  because  it  is  moving 
at  a  relatively  high  speed  even  though  its  surface 
gradient  is  very  small.  In  the  1988-89  field  season  a 
team  of  scientists  from  several  organizations  conduct¬ 
ed  measurements  on  ice  stream  B  in  an  ongoing  effort 
to  determine  the  glacial  dynamics.  Measurements  made 
over  a  period  of  a  decade  will  allow  observations  of 
short  term  variations  within  the  West  Antarctic  ice 
sheet  that  might  be  associated  with  a  global  warming 
trend . 

In  conjunction  with  this  effort,  our  Antarctic  radar 
was  used  to  conduct  a  survey  on  a  strain  grid  at  the 
Upstream  B  field  camp  (83°  28'S,  138°  5'W)  in  December 
1988,  This  grid  was  set  up  in  prior  years  by  The  Ohio 


State  group  under  Prof.  Ian  Whillans  to  allow  multi¬ 
year  monitoring  of  the  ice  movement.  The  ice  thick¬ 
ness  along  the  strain  grid'  can  be  determined  from  the 
radar  traverses.  These  data  allow  calculation  of  the 
mass  balance  of  the  grid,  which,  when  combined  with 
the  strain  measurements,  will  provide  an  estimate  of 
the  shear  stress  at  the  Ice/bedrock  interface, 

DESCRIPTION  OF  RADAR  SYSTEM 

The  Coherent  Antarctic  Radar  Depth  Sounder  (CARDS)  has 
been  under  development  for  the  past  three  years.  It 
consists  of  an  RF  section  (actually  separate  transmit¬ 
ter  and  receiver  units),  a  digital  data-handling 
section,  and  a  microcomputer  with  storage  on  Ber- 
noulli-box  cartridges. 

RF  Section 

The  radar  operates  at  a  center  frequency  of  150  MHz, 
Its  system  design  provides  for  high  signal-to-nolse 
sensitivty  with  moderately  low  RF  transmitter  power. 
This  is  achieved  by  using  a  pulse  expansion/compres¬ 
sion  technique  and  full  coherent  integration  (stack- 
liig)  of  the  radar  returns  from  multiple  pulses. 
Figure  1  shows  the  overall  system  in  block-diagram 
form,  and  the  RF  system  is  depicted  in  Fig.  2. 
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Fig.  1  Overall  .System  Block  Diagram 

The  basic  pulse  is  about  60  ns  wide,  which  corresponds 
to  a  range  resolution  of  5  m  in  ice.  It  modulates  a 
stable  carrier  at  150  MHz  (wavelength  =  2  m  in  air). 
The  carrier  signal  is  obtained  by  frequency-multiply¬ 
ing  the  output  of  a  stable  crystal  oscillator  operated 
at  9,275  MHz.  The  modulated  pulse  is  expanded  to  1.6 
IB  in  a  surface-acoustic-wave  (SAW)  expander.  The  ex¬ 
panded  pulse  is  amplified,  gated  to  reduce  range  side- 
lobes,  and  amplified  further  in  several  stages  to  a 
qreak  RF  power  of  20  watts.  A  pair  of  four-element 
dipole  arrays  serve  as  the  transmitting  and  receiving 
antennas.  Because  the  wavelength  is  1.75  m  in  ice, 
the  antennas  are  a  reasonable  size  for  radar  traverses 
on  the  ground  and  mounting  on  a  small  twin-engine 
aircraft. 
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Fl^.  2  Functional  Block  Dtayeam  of  RF  Section 


The  receiver  includes  a  low-noise  preamplifier  and  an 
RF  power  limiter  to  protect  the  preamplifier  from 
overdriving*  This  is  followed  by  several  RF  amplifier 
stages  to  provide  adequate  power  to  drive  the  SAW  that 
compresses  the  expanded  pulse.  The  expansion/compres¬ 
sion  process  reduces  the  peak  power  requirements  by 
spreading  the  transmitted  energy  over  1.6  is  Instead 
of  60  ns.  The  5-m  range  resolution  is  preserved 
because  of  the  complementary  compression  back  to  the 
60-ns  basic  pulse. 

Voltage-controlled  attenuators  are  located  between  the 
amplifier  stages.  Their  attenuation  can  bo  changed  by 
a  time-varying < voltage  to  vary  the  sensitivity  of  the 


receiver.  This  Sensitivity  Time  Control  (STC)  ia 
necessary  to  prevent  the  receiver  from  saturating  due 
to  the  strong  near-range  returns,  while  maintaining 
the  maximum  sensitivity  for  the  weaker  long-range 
returns  from  the  bottom  of  the  glacier.  After  the 
pulse  is  compressed,  it  is  amplified  and  heterodyned 
bd  baseband  in  in-phase  and  quadrature  mixers.  The 
resulting  signals  ace  digitized  in  a  pair  of  A/D 
convertors  for  farther  proceselng  and  coherent  and 
Incoherent  Integration  in  the  digital  subsystem. 

Digital  Section 

A  block  diagram  of  the  digital  part  of  the  system  is 
shown  in  Fig.  3.  The  hard-wired  digital  controller 


Fig.  3  Data  Proceviiog  System 
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cooirdinates  the  operation  o£  the  entire  radar  systeoii 
and  hence  insures  fully  coherent  operation  of  the 
system.  The  RF  portion  is  synchronized  hi  the  ?RF 
signal  that  triggers  the  radai  transmitter  .••'d  the 
carrier  derived  from  the  same  oscillator.  The  con¬ 
troller  also  provides  the  digital  signals  to  the  STC 
gain-control  modules  and  triggers  the  A/D  converters 
at  the  proper  times. 

The  I  and  Q  analog  signals  from  the  ladar  system  are 
digitized  by  two  20-HHz,  8-bit,  A/D  converters.  The 
digital  outputs  go  to  two  hardwired  high-speed  digital 
coherent  integrators.  High-speed  RAH  provides  circu¬ 
lar  buffers  in  which  the  current  results  of  the  coher¬ 
ent  integration  ace  stored.  As  each  new  sample  of  the 
return  pulse  is  available,  it  is  added  to  the  contents 
of  the  corresponding  cell  in  Che  buffer. 

When  one  set  of  coherent  integrations  is  complete,  the 
next  set  utilizes  the  second  pair  of  circular  RAH 
buffers.  While  the  coherent  integration  continues  in 
the  second  buffers,  the  contents  of  Che  first  set  is 
transferred  to  the  T1  ADSP-2100  signal-processing 
microcomputer.  The  DSP  computer  performs  additional 
coherent  integrations,  square-law  detection,  and 
incoherent  integrations  if  desired.  The  results  pass 
to  the  Compaq  PC  for  display  and  transfer  to  the 
Bernoulli  box  external  storage  device.  Data  acquisi¬ 
tion  is  continuous  ‘jecause  all  of  the  above  operations 
proceed  in  parallel  and  each  operation  requires  less 
time  than  the  preceding  one. 

The  PC  provides  for  program  loading  and  user  interac¬ 
tion  with  the  radar.  The  operator  selects  the  radar 
parameters  and  the  type  of  signal  processing  from 
menus  displayed  on  the  screen.  Provision  is  also  made 
for  Che  display  of  selected  signals  throughout  the 
system  for  trouble  shooting,  as  well  as  insuring  that 
valid  data  are  being  collected. 


Software 

The  software  tunning  the  Compaq  Portable  II  computer 
permits  the  user  to  sec  the  operating  parameters  of 
the  system  by  a  scries  of  menus.  Reasonable  default 
parameters  are  provided  to  expedite  the  system  setup 
for  normal  operation. 

Tno  software  provides  for  real-time  control  of  the 
operation  of  the  entire  radar  system.  In  adilitlon,  it 
allows  input  of  inertial  navigation  and  flight-condi¬ 
tion  data  at  intervals  as  short  as  two  seconds.  This 
information  is  embedded  into  the  data  stream  for  later 
use  in  reducing  the  radar  data  to  maps.  Markers  can 
also  be  put  into  the  data  stream  by  pressing  a  key  on 
the  keyboard  of  the  computer  to  iiorrolatia  with  exoge¬ 
nous  events . 

The  software  provides  sevor.il  display  modes  to  allow 
examination  of  the  data  while  the  systpm  is  operating. 
This  insures  that  the  system  is  operating  properly  and 
that  valid  data  are  being  collected.  Th.j  operator  can 
observe  the  I  and  2  data  after  coherent  integration 
and  square  law  detection  on  an  A-scope  display.  A 
gray-scale  display  shows  amplitude  vs.  depth  and 
distance  traveled  along  the  track. 

An  NBC  multi-sync,  high-resolution  color  display  can 
be  interfaced  to  the  system  to  provide  for  more  infor¬ 
mative  displays  of  the  colleotsd  data  in  non-real 
time.  The  software  provides  for  the  selection  and 
display  of  segments  of  a  radar  traverse.  The  ampli¬ 
tude  of  thi  signal  Is  encode.1  into  a  color  map.  This 
display  shows  depth  vs.  distance  along  die  track. 
Figure  4  shows  an  example  of  such  a  display  reproduced 
in  black  and  white.  The  display  window  can  \>e  scanned 
through  the  data  set  to  examine  different  segments  of 
a  traverse.  The  coordinates  of  features  of  interest 
can  be  extracted  by  means  of  a  mouse-driven  cursor  and 


Fig.  4  Sample  Along  Track  Distance  vs.  Ice  Depth  "Image"  of  Ice  Stream  3 
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written  to  a  new  data  file.  Contour  maps  of  the 
bottom  echoes  can  then  be  produced  from  this  data 
file. 

Field  Work--1988 


We  conducted  a  radar  survey  from  December  1-15,  1988, 
at  the  Upstream  B  field  camp  on  ice  stream  B  in  West 
Antarctica.  The  radar  was  rack  mounted  inside  a 
Spryte  tracke-l  snow  vehicle.  The  antennas  were  mount¬ 
ed  on  two  sleds  that  were  pulled  behind  the  vehicle. 
A  generator  on  another  sled  provided  power  to  the 
system  during  the  traverses. 

The  primary  test  area  was  a  2-km  by  10-km  strain  grid 
that  had  been  used  previously  by  The  Ohio  State 
University  personnel  under  Prof.  Ian  Whillans.  We 
traversed  this  grid  in  both  upstream  and  aoross-streara 
directions.  Many  of  the  measurements  were  repeated  to 
verify  the  system  performance. 

RESULTS 

No  system  downtime  occurred  during  the  entire  survey 
of  over  150  km  of  traverses.  Traverses  were  repeated 
to  verify  the  system  reliability,  and  in  all  cases 
field  analysis  of  the  images  on  duplicate  tracks  were 
Identical, 

The  primary  purpose  of  the  survey  was  to  provide  the 
ice-thickness  data  for  use  by  Prof.  Whillans  and  ocher 
glaciologists.  However,  the  images  show  unusual 
features  within  the  glacier  itself.  The  image  shown 
in  Fig.  4  has  several  circular  regions  in  tlie  first 
300  ra  that  exhibit  no  scattering.  Normally  the  first 
300  m  IS  characterl/.e  1  by  continuous  scattering  from 
inhoraogeneitios  in  the  ice  and  from  buried  crevasses. 
These  circular  regions  must  be  concentrations  of 
homogenous  material  that  does  not  allow  volume  scat¬ 
tering.  This  is  an  unexpected  and  so  far  unexplained 
phenomenon.  Other  images  show  layered  regions  of 
scattering  that  undergo  substantial  change  over  a 
period  of  several  hundred  meters  along  the  glacier. 

The  flexibility  incorporated  into  the  software  allowed 
processing  of  the  data  in  the  field.  As  a  result,  we 
produced  the  contour  map  of  the  ice  tl'ickness  for  the 
entire  2-km  by  10-kra  strain  grid  in  the  field.  The 
grid  and  resulting  10-m  contour  map  of  the  ice  thick¬ 
ness  is  shown  in  Fig.  5.  This  contour  map  was  ana¬ 
lyzed  by  glaciologists  in  the  flebl  and  is  now  t>oing 
used  to  provide  the  mass  balance  information  needed  to 
produce  an  accurate  estimate  of  the  shear  stress  at 
the  base  of  the  glacier. 

CONCLUSION 

The  field  operation  of  the  University  of  Kansas  Coher¬ 
ent  Antarctic  Radar  Depth  Sounder  was  successfully 
demonstrated  during  the  1988-89  Antarctic  field  sea¬ 
son.  The  images  produced  by  the  radar  traverses 
showed  miny  interesting  features  within  the  glacier 
itself,  which  were  unexpected.  The  flexibility  of  the 
system  software  allowed  the  pco<luction  of  the  ice- 
thlckness  cunlour  map  in  tne  tie id  tor  immediate 
analysis. 


Cover  Photo: 

Geocodcd  Landsat-SPOT  composite  of  Vancouver,  British  Columbia,  Canada. 
Produced  by  MacDonald  Dettwiler  and  Associates,  Richmond,  B.C.,  Canada. 
Landsat  TM  imagery  courtesy  of  Canada  Centre  for  Remote  Sensing, 

Energy  Mines  and  Resources  Canada. 

SPOT  imagery  ©CNES,  1987. 


